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Let’s go fly a kite
Up to the highest height!
Let’s go fly a kite and send it soaring
Up through the atmosphere
Up where the air is clear
Oh, let’s go fly a kite!
"Let’s go fly a kite" - Refrain,
Mary Poppins

"Man muss nur wollen und daran glauben, dann gelingt es."
Ferdinand Graf von Zeppelin
Zusammenfassung
Motivation
Seit wenigen Jahren ist Flugwindenergie eines der herausfordernsten Themen im Bereich der
Windenergie. Besonders attraktiv ist hierbei, dass durch geringen Materialaufwand geringe En-
ergiepreise Umweltbeeinflussungen erreicht werden können. Kites sind auf Grund ihrer guten
Flugeigenschaften und ihrem hohen Fläche-Masse-Verhältnis für die Erzeugung von Hochwinden-
ergie besonders geeignet, jedoch ist bisher noch keine gute und günstige, automatische Start- und
Landevorrichtung entwickelt worden.
Problemstellung
Diese Diplomarbeit untersucht die Komponenten welche den Start- und Landevorgang eines
Leading Edge Inflatable (LEI) Kites beeinflussen und konzipiert eine Start- und Landevorrichtung
für einen 100m2 LEI Kite.
Vorgehensweise
Diese Diplomarbeit startet sprichwörtlich auf einem leeren Blatt Papier. Obwohl bereits Kennt-
nisse über Start- und Landevorrichtungen vorhanden sind soll diese Arbeit unvoreingenommen
angegangen werden. Daher werden zuerst Anforderungen an die Start- und Landevorrichtung
gesammelt um später verschiedene Systeme auf ihre Tauglichkeit hin zu untersuchen. Es stellt
sich heraus, dass unbemannte Flugobjekt am besten zu den Anforderungen passen, jedoch sind
diese Systeme bei starkem Wind unbrauchbar. Daher wird ein Mast aus Aluminium-Traversen
als Prototyp entworfen. Mit Hilfe des Prototyps soll das Verhalten von Kites bei einem Start aus
der kopfüber hängenden Position getestet werden. Da die Resultate vielversprechend sind wird
dieser Vorgang mathematisch untersucht.
Um das endgültige Design zu entwerfen wird der momentane Kite auf 100m2 skaliert. Mit
den daraus gewonnenen Längen und Kräften wird das entsprechende System entworfen. Der
Schwerpunkt hierbei liegt auf
• einer Mastkonstruktion
• einem Fundament für On- bzw. für Offshore-Anwendungen
• einer Funktion, die den kite während Warteperioden schützt und kontrolliert
Außerdem werden die groben Anforderungen an weitere wichtige Teile wie zum Beispiel Lager
und Motoren gestellt. Zuletzt wird ein Preis abgeschätzt, welcher auf aktuellen Rohmaterial-
Preisen beruht.
Ergebnis
Es wird in Feldtests gezeigt, dass ein Start aus der kopfüber hängenden Position bei einer
Windgeschwindigkeit von 4ms−1 möglich ist. Stärkerer Wind wirkt sich vorteilhaft für den
Start aus.
II
Die Untersuchung des endgültigen Konzepts zeigt, dass das System in Bezug auf extreme
Temperaturen und Langlebigkeit resistent ist. Es hält selbst 50-Jahres-Böen1 stand. Die CO2-
Emissionen (durch z.B. produktion des Rohmaterials, Transport, etc.) pro kWh des Systems
können unter guten Bedingungen bis auf 11gCO2(kWh)
−1 gesenkt werden.
1Die Windgeschwindigkeit einder 50-jahres-Böe entspricht der höchsten Windgeschwindigkeit (auf 10m Höhe),
welche in den letzten 50 jahren gemessen wurde
"Everybody knows that some things are simply impossible
until somebody, who doesn’t know that,
makes them possible."
Albert Einstein
Summary
Motivation
Airborne Wind Energy (AWE) is currently one of the most challanging topics in wind energy. Due
to the little amount of material it is possible to reach low energy costs and a low environmental
impact. Kites are perfect wings to gain AWE due to its good flight quality and a high surface
to mass ratio. However, a good and cheap launch and retrieval system for automated kite usage
has not been designed, yet.
Problem Statement
This thesis aims to analyze the properties which influence the launch and retrieval of a Lead-
ing Edge Inflatable (LEI) Kite and to design a complete launch and retrieval system for the
automated launch and retrieval of a 100m2 LEI Kite.
Approach
This thesis starts from close to the scratch. It develops requirement for a launch and retrieval
system to later check the quality of different possible systems. It finds out that systems like
balloons or UAVs fit the best to the requirements, however, they are not reliable enough in strong
wind. Hence an aluminum truss mast is build as prototype to investigate the behavior of the
kites during an upside down launch. As the results are auspicious the launch is mathematically
analyzed.
To create a final design the current kite is scaled up to 100m2. By using the upscaled forces
and dimensions it designs
• a mast construction
• a foundation for on- or offshore applications
• a function to store, protect and control the kite during idle time
Furthermore it gives a first impression on the dimensions of bearings and engines which are
necessary for the system. By scaling up known data and using current price of steel and concrete
a price for the system is estimated.
Results
It is proven by field tests that the upside down launch is possible with a wind speed of approxi-
mately 4ms−1 and that higher wind speed is profitable for the launch.
Analysis showed that the final design is safe in case of extreme temperature, long durability
and high wind up to the 50 years gust. Furthermore the CO2 emission per kWh of the final
design can be decreased down to 11gCO2(kWh)
−1kWh in good conditions.
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Introduction
Nowadays the demand for energy, e.g. for transportation or communication, is increasing day by
day. Though, the supplies of fossil fuels is little and the global, natural reaction on the use of
fossil fuels is clearly discernible.
Renewable energies are a good alternative to fossil fuels. Above all, the harvest of wind
energy seems to be most efficient. However, conventional wind energy production reaches its
limits even though the potential of wind energy is far away from being exhausted. Especially
Airborne Wind Energy (AWE) is very interesting as the wind is mostly continuous all over the
world and the wind speed is significantly higher.
Airborne wind energy systems, such as the kite power project at the Institute of Applied
Sustainable Science Engineering and Technology (ASSET), try to gain energy in high altitude.
As these systems are connected to the ground via lightweight fabrics the maximum altitude is
nearly boundless and statical problems disappear.
In the last few years the use of kites to harvest high altitude wind energy became very
popular at companies (e.g. Skysails and Enerkite) and research facilities (e.g. Kitepower in Delft
and KiteGEN in Turin).
1.1 Problem Statement
To use airborne wind energy economically and ecologically efficient many problems still have to
be solved. While common windmills have to deal with statical and financial problems as well
as with problems due to maintainability the kite AWE generators have to handle problems with
automation, safety and space. Specially flexible wings are problematic in case of automation as
their behavior during idle time is barely predictable.
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1.2 Thesis Goal
The goal of this thesis is
Design of a kite launch and retrieval system for a high altitude pumping wind
power generator
The thesis shall
• create a list of requirements and quality guidelines for launch and retrieval systems
• do a conceptual analysis of different possible launch and retrieval systems to find the best
solution for the kite power system of TU Delft.
• design, test and evaluate a prototype with limited resources. This prototype shall prove
the working concept of the launch
• design a final solution which is applicable for a automated 50kW system with a 100m2 kite.
Special attention is on the use of kite systems in fully automated kite energy parks. Hence the
thesis has to examine
1. the sustainability of the designed launch and retrieval system
2. the safety of the system both to people and to material
3. the price of the system and its single components
1.3 Approach
This thesis will guide step by step to the final design of a 100m2 kite launch and retrieval system
for a high altitude pumping wind power generator.
The beginning will deal with the decision making process. It creates a list of requirements
and quality guidelines for this and future launch and retrieval systems. Besides that it creates
multiple concepts of launch and retrieval systems. Based on the requirements the concepts get
ranked. The most auspicious solutions then get analyzed more in detail to find the best solution.
Bases on this decision a prototype will be designed and built to do field tests and evaluate the
launch and landing process. With the so gained knowledge a final solution for a launch and
landing system will be designed. At the end this final solution will be analyzed in matters of
sustainability, safety and economical efficiency.
"We haven’t got the money, so we’ve got to think!"
Ernest Rutherford
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Literature Study
2.1 High Altitude Wind
Wind is the product of different atmospheric effects. Its origin is mostly based on solar radiation
and the rotation of the planet. Due to obstacles on the ground there is a boundary layer of the
wind in an earth near altitude up to approximately 500m. Referring to [83] the wind speed in
this region can be described by
vw(h2) =
lnh2−d
z0
lnh1−d
z0
vw(h1) (2.1.1)
This formula calculates the wind speed on the altitude h2 as a function of the wind speed at
altitude h1 and the roughness length in the area. More about this can be found in section 4.1.2.
In altitudes above the earth’s boundary layer the wind speed increases. The maximum wind
speed is located in an altitude of about 11km. This atmospheric layer of fast wind is the so called
jet stream.
The Wind Power Density (WPD) expresses the theoretic amount of Power that can be gained
from the wind. It is a function of the air density and the wind speed
WPD =
1
2
ρairv
3
w (2.1.2)
As the wind velocity influences the wind power density with the power of three high-altitude
winds become more and more attractive. In 2009 [33] calculated a wind power density of around
10kWm−2 in the jet stream.
Figure 2.1 shows the wind power density as a function of the height. The data is measured
by the royal Institute of Meteorology in De Bilt, The Netherlands, between 1961 and 1980.
Even though only approximately 2% of the solar energy is transformed to kinetic wind energy
there is a arithmetical Wind Energy of 4 · 1015Wh [83]. The annual world energy consumption
is shown in figure 2.2. It is scaled in Million tons Oil Equivalent (Mtoe). The Mtoe is defined as
1Mtoe = 11.63 · 109kWh (2.1.3)
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Figure 2.1: The wind power density in dependence of the altitude [40]
In 2010 the world energy consumption was 8677Mtoe = 1.01 · 1014kWh [84]. As there is
enough wind energy to satisfy the global needs it is interesting to gain as much of it as possible.
As common wind generators are fixed to the ground and, due to statical reasons, limited in
altitude most of the wind power is still unused.
2.2 Airborne Wind Energy Concepts
As most of the wind power is located in high altitudes different research groups developed
concepts to gain Airborne Wind Energy by using different concepts. These concepts mainly
can be divided into two types of categorization.
• The first way to categorize AWE is by the location where the system converts the mechan-
ical power into electrical power. The concepts are hereby divided into flygen concepts
and groundgen concepts. Flygen concepts produce the electrical power directly in the
air and lead the electricity to the ground by a cable. Groundgen concepts, however, are
connected to a generator on the ground which produces the electrical energy.
• The second way is to categorize the AWE concepts by the objects that produce the buoy-
ancy. While some concepts use aerostats and their self buoyancy due to low density
1*Data prior to 1994 for bio fuels and waste final consumption have been estimated.
*Asia excludes China.
**Includes international aviation and international marine bunkers. This represents the energy which has been
used to bunker fuel for international transportation respectively it represents the energy which cannot be assigned
to a region.
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Figure 2.2: World total final consumption from 1971 to 2012 by region (Mtoe) [84]
gases other concepts use wings. The wings, divided into rigid wings and flexible wings,
generate aerodynamic lift force by flying cross wind1.
The following section shall introduce different concepts of AWE. It will introduce some
systems in general but focus on their launch and retrieval system. The section will be categorized
in flygen and groundgen concepts, however, the headers will directly indicate whether it is an
aerostat, rigid wing or flexible wing concept, too.
2.2.1 Flygen
Magenn Power Air Rotor Systems (Aerostat)
The Magenn Power Air Rotor System is a big aerostat which is filled with helium (see figure
2.3). The low density of helium and the high volume to the aerostat enable the system to
raise 2 generators, the cable to the ground and a solid aluminum construction. The aluminum
construction combined with canopy creates a shape around the main aerostat which forces the
aerostat to turn around a rotation axis which is perpendicular to the wind direction. The
rotation forces generators which are attached to the rotation axis to turn, respectively to generate
electrical energy.[46] The principle is very similar to Savonius turbines.
The system, as it is raised by helium, is not prone to slow wind speeds. However it expensive in
matters acquisition costs of helium and maintenance. The permeability of common membranes
forces to refill helium each one or two months. A single hole in the membrane increases the
amount of refills per year significantly.
The Magenn System is easy to launch. Once the aerostat is filled with helium it will raise
by itself. However it has to refilled with helium from time to time which makes the systems
expensive to use. Magenn plans to use the system "much higher above surrounding terrain than
1The main direction is perpendicular to the wind direction
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Figure 2.3: The Magenn Concepts with a Helium filled body [4]
conventional systems" [46] thus the environmental impact seems to be low, however, with the
dimension of 13.7m × 30.5 (excluding the blades) it has very big dimensions.
[46] gives a warranty of one year. This indicates the problems in matters of durability.
Altaeros Energies (Aerostat)
There are already decades of experience in conventional wind energy. To use as much of this
experience Altaeros Energies uses the conventional way of generating wind energy but instead
of a pile they use a helium filled aerostat, as shown in figure 2.4 to reach higher altitudes.
Figure 2.4: The current Altaeros generator in ground near altitude
The advantages and disadvantages of the Altaeros Energies concept are very similar to the
ones of Magenn Power Air Rotor Systems. Both fly by the buoyancy of a helium filled Aerostat
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and thus are very big and expensive. However the main difference is that the Altaeros concept
uses a wind turbine which turns around an axis which is aligned with the wind direction. Hence,
strong wind will push the turbine backwards by both the drag of the blades and the drag of
the aerostat. Due to the drag the whole system will tilt whereby the efficiency of the system
decreases. Another disadvantage are the blades of the wind turbine. These blades have to be
very lightweight, aerodynamic efficient and safe. If one blade brakes the aerostat might deflate.
[9] does not mention a size of the system, however, figure 2.4 gives a first impression. Even on
the ground the size of the system cannot be decreased just by deflating the aerostat because the
turbine is still a solid construction. The whole construction is able to get disassembled to small
parts so that it fits into a transportation container and can be reassembled in 1 day. [8]
Makani Power (Rigid Wing)
Makani Power generates AWE by flying cross wind with a rigid wing. Attached to the wing are
several small turbines. Figure 2.5 shows the 30M wind which is supposed to generate 30kW of
electrical power at a wind speed of 11.5 ms−1 and an height of 40-110m. This 30M wing has 4
turbines, however, there are plans to build even bigger wings with more turbines.
Due to the apparent wind on the wind the turbines are forced to rotate. This rotation gener-
ates electrical power which goes to the ground by a cable. As the rotation power is proportional
to the rotational speed it is advantageous to fly as fast as possible. This fast movement creates
high forces on the system and makes it prone in case of safety.
To launch the system Makani Power inverses the electrical generator turbines and uses them
as propellers for the wing. This enables the wing to act like an UAV which is a big advantage
as the launching system is already attached to the system and thus does not create special
financial costs and extra environmental impact. However the turbine blades are designed for
power production. They shall create high rotation power with a minimum of axial drag. But
to use the blades as propeller blades they should create thrust which means a maximum axial
force. If the blades are fixed to the turbine this launch might cost much energy. Else the blades
might be pitchable which means that the wing is very complex and thus expensive.
Figure 2.5: The rigid 30M wing of Makani Power [47]
2.2.2 Groundgen
All groundgen concepts for electrical power production work in a very similar way. To produce
energy the wing is set to an angle of attack so that the resultant force, which results out of lift
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and drag force, is as high as possible.
FR = FD + FL (2.2.1)
Furthermore the wing flies the figure of a lying eight to increase the apparent wind speed which
additionally increases lift and drag forces. The generated force is lead by a tether to the ground.
On the ground this tether forces a winch to reel out the tether with a certain velocity (vt). This
winch is connected to a generator which produces power.
Pmec = Ftvt (2.2.2)
The time while power is generated is called power-cycle and is illustrated in the first part of
figure 2.6.
At a certain moment the reel out phase ends, e.g. because the kite reached its maximum
allowed altitude or the tether is completely reeled out. In this moment the reel-in phase starts.
This means that the kite is in a position and attitude where it produces as less as possible
resultant force. Then the generator on the ground works as a motor and pulls the kite back to
a low altitude. This is called depower-cycle and shown in the second part of 2.6.
One power- and one depower-cycle in a row form a so called pumping-cycle.
Wind direction
1.
2.
Figure 2.6: Illustration of a whole pumping-cycle [41]
Ampyx Power (Rigid Wing)
Ampyx Power uses a rigid wing which flies crosswind while it is connected to the main tether.
It uses the ruders of the wing to steer.
As this rigid wing does not have on-board turbines it cannot launch on itself. Thus it needs
a special launch and retrieval system. Therefore Ampyx Power developed a launching concept
which is based on rotational energy. At the beginning the wing is fixed connected to the rotating
arm. As soon as there is enough apparent wind speed on the wing the system slowly reels out
the tether and lets the wing raise. Both the launch system and the wing are shown in this launch
configuration in figure 2.7
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Figure 2.7: Ampyx launch and landing system [4]
The launch system has an arm which is approximately 2 to 3 times as long as the wing span.
One the other side of the system is a counter weight. This launching systems is strongly limited by
space as the restricted area increases very fast. As soon as the launch, respectively the rotation,
begins the area becomes very dangerous for both people and animals as the arm might be very
fast. Furthermore is it possible that this way of launching is noisy as there are both the noise
of a big engine and the noise which is created by the wind around the rotated arm. It is nearly
impossible to keep a small environmental impact with this launching principle. Furthermore high
need of energy and material does decrease the quality in matters of sustainability. Referring to
[8] the only advantage of Ampyx Power compared to common wind generators is that the Ampyx
launch system does not need a crane do be built. The installation of the launch system with a
rotating arm in wind parks is doubtful as different air vortexes might arise if 2 arms rotate near
each other but in different directions. For the use of wind parks the restricted area of one system
will increase significantly.
KiteGen (Flexible Wing)
Using semi flexible wings KiteGen produces using the common pumping cycle. With a 20m2 LEI
Kite they have proven to produce 5kW constant and 30kW peak electrical energy by flying their
kite cross wind. The kite steering unit is on the ground, hence, there are 3 tethers between the
kite and the ground station.
To launch the kite KiteGen developed the so called stem [38] which is shown in figure 2.8.
This stem is mainly a full rotatable and tiltable mast built out of composites. This mast is
mounted on a dome in which all the systems are. At the top of the mast are 2 extensions which
help to control the kite during launch and thus ease the launch. Figure 2.8 show the KiteGen
stem with a 20m2 kite. Both the persons next to the dome and the kite can be references for
size estimations of the system.
This system seem to work really good for launching as [38] announced to be able to launch
already with a wind speed of 1.5ms−1 at the ground. However this concept is very complex and
big. It needs 2 strong engines to make the mast fully rotatable and tiltable but also fixed for
launching. Furthermore the two extension at the top are movable and thus need some kind of
actuators.
The whole launching system seems not to be very sustainable. They use composites for a big
mast even though the mass of the mast is not a primer designing factor. Furthermore they build
a whole dome as foundation for the mast and as a room for systems. This of course increases
the price of the system and the environmental impact.
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Figure 2.8: The KiteGen Stem [38]
Figure 2.9: The launch on a cargo ship by SkySails [62]
SkySails (Flexible Wing)
Another AWE concept uses SkySails [62]. They use big ram air kites as an alternative sail for big
ships. In this case the groundgen system does not generate electrical power but kinetic energy.
By the use of the kite for propulsion the amount of fuel can decrease significantly.
To launch the kite SkySails uses a telescopic mast which is fixed on the front of the ship.
The mast is approximately 25-30m long and works with hydraulic systems. However, the real
altitude of the kite is the length of the mast added to the height of the ship. This makes the
mast very heavy. A launch sequence is shown in figure 2.9
The Leading edge of the kite is constantly connected to the top of the mast. During start
the mast pulls the leading edge out of its storage room in the body of the ship up into the wind
so that the kite will inflate by the ram air.
As the ship moves due to the tether force the whole system does not have to do the pumping
cycles. Hence it is possible for the SkySails concept to use an extra line only to connect the mast
top with the leading edge of the kite so that the leading edge will controlled find back the way
during retrieval.
You can say that the way SkySails launches the kite is not sustainable, not cheap, very big,
etc. However, their system works very reliable and it is a great invention to reduce fuel costs of
cargo ships.
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Launch construction on the kite boat "Gna"
Even thought the kite boat "Gna" from 1908 is already more than 100 years old the idea to
launch weather kites is still magnificent. It combines a reliable launch with a high amount of
sustainability and low environmental impact as the whole system existed just out of a few lines
and a wooden mast. The launching system has been able to launch a kite with very restricted
space. To launch the kite it got connected to the top of the mast. Then the kite launched by the
wind and the velocity of the boat. After the kite was up in the air the connection to the mast
has been loosened so that the kite was directly connected with the body of the boat. Figure 2.10
shows an original description of the launch mechanism. This system has been very innovative,
however, it still needed at least 3 experienced crew members to launch a kite.
Figure 2.10: Description of the launch mechanism on the kite boat "Gna" from 1908 [78]. A detailed version of
this figure can be found in appendix E.
KitePower (Flexible Wing)
The KitePower group at the TU Delft does not have a launch and retrieval system, yet. But of
course such a system is desired. The perfect system combines all previous mentioned advantages
and avoids the disadvantages. Hence, it should be reliable like the SkySails system, be as flexible
as the KiteGen Stem, use as little amount of material as the Makani concept and protect the
kite during idle time as done on SkySail ships. Last but not least the system has to be cheap to
keep the price of energy as low as possible.
Kites, however, don’t have special engines attached nor are they created to withstand high
forces during a rotating launch. [39] did several tests using an aerostat as launching device for
kites. The conclusion is that this launch is possible at low wind condition at special configura-
tions. However, it takes much time to setup the system and the costs for both the gas and the
aerostat are relatively high. Figure 2.11 shows the proposed position of aerostat and kite during
launch.
At the end the tests showed that the launch with big aerostats is not satisfactory as the
kite produces more energy with stronger wind. To design a better (cheap, sustainable, reliable)
system the following sections shall give an overview on the single parts of the TU Delft kite
power system.
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Figure 2.11: The in [39] proposed launching position of kite and aerostat
2.3 Overview on the TUD Kite System
This section shall help to understand the whole kite power system of the technical university
of Delft (TUD) and its components. All parts and the terminology will be described to ensure
comprehensibility of the rest of the report.
2.3.1 Terminology
Some terms, such as wind window, in this thesis might not be directly understandable but
indispensable for the description of the system and its surrounding. An illustration of each term
can be seen in figure 2.12
• Downwind
Downwind is the direction where the wind blows to. The wind velocity vector points down-
wind.
• Wind window
The wind window is an imaginary area in downwind direction in which the kite can fly. As
the kite is connected to a tether, which has to be under tension, the wind window seems
to be a part of a spherical surface. The origin of the sphere is the TEP.
• Apparent wind speed
The apparent wind speed is the superposition of the surrounding wind velocity and the
kite’s translational speed.
vapp = vw − vk (2.3.1)
• Azimuth & Elevation
The Azimuth ξ and Elevation η angle are used to describe the vector from the ground
station to the kite. Together with the tether length they describe the position of the kite.
Azimuth hereby is the angle between the downwind direction and the tether on a horizontal
plane. Elevation is the between the horizontal plane and the tether.
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Figure 2.12: Illustration of the main terminology [12]
2.3.2 Components
Kite
The ASSET Institute uses different kites, usually between 14m2 and 25m2. Figure 2.13 shows
the 25m2 kite with which it is possible to generate up to 20kW of electrical energy. All used
kites are LEI kites as the pumped up structure of the leading edge and the struts support the
stability of the kite during high stall or high forces. Furthermore different measurement Units
are attached to this structure, especially to the main (middle) strut.
Figure 2.13: The kite with the steering unit [42]
Control pod & bridle system
To steer both the roll (which leads to a turn) and the pitch (which leads to de-/power) movement
of a kite you need at least 4 lines to the kite. By changing the tension between the front and
the back lines you power/depower. If the forces in the left lines are not equal to the forces in
the right lines you steer. All this is done by a steering robot, the so called control pod, which is
connected to the kite via a complex bridle system. Figure 2.14 sketches a simplified System.
The Bridles to the tether are connected to the leading edge and they are fix. No steering
command can be applied to these bridles. They hold the main force of the kite (approximately
70-80%). The steering system is attached to the ends of the rear edge. If the power winch reels
in both pulleys, and thus the rear edge of the kite, are pulled towards the steering pod → the
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Figure 2.14: The bridle system and the pod in a simplified 2D draft [12]
kite powers. If the steering winch rotates one pulley is pulled towards the steering pod while the
other one gets away from the pod → the kite rolls and starts turning due to aerodynamic forces.
The control pod itself, shown in figure 2.15, is a waterproof box full with electronics which
is covered by Styrofoam to decrease the risk of strong damage in case of a crash. It includes,
besides the two winches, measurement units (e.g. potentiometers), communication systems and
power supply.
The tether
The tether is the only connection between the con-
Figure 2.16: The tether during a flight [42]
trol pod and the ground station. It has to be very reli-
able to fulfill the safety issues but also very lightweight
to gain as much energy out of the kite as possible.
Therefore a modern High Molecular weight Poly Ethy-
lene (HMPE) cable is used. This cable, made out of
Dyneema®-SK75, has a mean breaking load of 13.5kN
at a diameter of 4mm and a specific mass of 9.1 gm−1.
As seen in figure 2.16 the tether is not a straight con-
nection between the ground station and the kite due
to the aerodynamic drag.
The ground station
The central part of the whole system is the ground station, shown in fig. 2.17. It includes
• the winch and generator/motor to create electrical energy during reel-out and to reel-in by
using electrical energy.
• inverter and batteries to safe the energy as the whole system is not connected to the energy
infrastructure, yet.
• sensors, exempli gratia (for instance) (e.g.) to measure the tether force, a wind sensor or a
GPS sensor
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Figure 2.15: The control pod as CAD Assembly [left] and an opened control pod on the field [right] [42]
• a timeserver to ensure a common time
Depending on the flight or test situation the ground station can switch between constant reel-
in/-out speed or constant tether force. With the constant tether force mode the ground station
can react on gusts to keep the tether force below the maximum allowed limit.
Figure 2.17: The complete ground station [left], the swivel [mid] and the winch & generator [right] [42]

"Again and again,
the impossible problem is solved
when we see that the problem
is only a tough decision
waiting to be made."
Robert H. Schuller
3
Decision-Making Process
3.1 Requirements
To create the best possible launch and retrieval system the whole thesis starts from close to the
scratch. The first step is to gather all for the launch and retrieval system obligatory points on a
specification sheet. Furthermore a second sheet will gather all the quality guidelines, which are
not obligatory for the system but still nice to have.
3.1.1 List of Requirements
1. The system shall have a lifetime of 20 years.
Common wind turbines are designed for a lifetime of 20 years. To compete with these wind
turbines the kite systems need at least the same lifetime.
2. At the beginning of a launching process the system has to be able to achieve a distance
between the kite and the winch at which the pod can stable control the kite.
3. After the retrieval process the kite should be at a level of altitude so that a person can
maintain it while standing on the ground.
4. The system should be able to launch between 3ms−1 and 15ms−1 wind speed at
10m altitude and to land between 0ms−1 and 20ms−1 wind speed at 10m altitude.
5. The kite should be safely controlled by the system as long as the kite is not flying.
In stand-by mode the kite should be protected of hail and up to the survival wind speed
of 52ms−1.
6. The system has to handle a tube kite of up to 100m2 and a lift over drag ratio of about
5.5.
7. The launch and retrieval should be automated.
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8. Between a successful retrieval and a relaunch the kite has to get automatically prepared
for the launch again, at least it has to be in the right position again.
9. The flight direction should be flexible - the system should be able to launch in each wind
direction.
10. The lines must not get entangled
11. The system should enable a free movement and function of the kite and the tether
12. The system should not disturb the communication between the ground station and the pod
3.1.2 Quality Guidelines
The System should ...
• ... have a mass which is as low as possible
• ... be as small as possible in stand-by mode
• ... consume as little energy as possible
• ... be low complex
• ... easy maintenance
• ... as cheap as possible
• ... work on- and offshore
• ... fit to "the advantages of kite power technology"
– high mobility
– low investment cost
– high capacity factor
– efficient for distributed deployment
– low environmental impact
– safe due to use of soft structures
• ... take as little reserved or restricted ground space as possible
To prioritize the different specification and quality points an Analytic Hierarchy Process (AHP)
is used. The first step of the AHP is to gather all factors (already done due to the specification
and quality points). The second step is to compare each point with each other. In this case the
specifications are only compared with other specifications and not with the quality guidelines. If
point ’A’ is more important than point ’B’, ’A’ gets 2 credits and ’B’ 0 credits. If both points
are equal in their importance, both get 1 credit. With these credits a ranking and a weighting
is created.
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3.1.3 AHP Results
Here the ranking of the specifications and quality guidelines is just presented. The whole calcu-
lation of the AHP is shown in Appendix A.
Specifications
Table 3.1: Weighting of the specifications
Rank Specification Weighting
1 Launch 16.36%
Retrieval 16.36%
3 Wind speed 12.73%
no entanglement 12.73%
5 no disturbance to pod 11.82%
6 auto. Launch preparation 8.18%
7 flexible launch direction 6.36%
8 secure controlled kite 5.45%
9 everything automated 4.55%
10 decoupling from tether 2.73%
kite size 2.73%
Quality guidelines
Table 3.2: Weighting of the quality guidelines
Rank Specification Weighting
1 low mass 16.67%
low price 16.67%
3 small size 13.89%
fit to advantages 13.89%
5 easy maintenance 10.50%
6 little ground space 9.72%
low complex 9.72%
8 on- and offshore 6.94%
9 little energy 1.39%
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3.2 Morphological Charts
In order to create more possibilities of a launch and retrieval system for the kite a morphological
chart has been created. To keep clarity over the chart it is divided into three independent parts:
1. the launch
• The kite has to get elevated to a certain altitude of about 25m from where it can
create enough aerodynamic force to raise further and start the reeling out phase.
• The launch system has to control the kite all the time during launch
• When the kite is at the final altitude it has to get released
2. the retrieval
• First of all the kite has to decrease his altitude until it is again at about 25m altitude.
• The kite has to get coupled to the system again
• The system has to lower the kite again to the ground
• The kite has to be under control of the retrieval system at the latest when it is coupled
to the system
3. the relaunch preparation
• The kite has to move from his landing position to a waiting position and further more
to the starting position. These three positions can be the same, but they don´t have
to.
• The kite has to rotate from his landing attitude to a waiting attitude and further
more to the starting attitude. These three attitudes can be the same, but again it is
not necessary.
• The kite has to be fixed in waiting mode.
• If needed the leading edge has to get inflated again.
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1 - Launch 
      Function Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 Solution 6 Solution 7 Solution 8 Solution 9 Solution 10 Solution 11 
elevate the 
kite 
Mast with 
slide 
telescopic 
mast 
tiltable 
mast Quadcopter pulley 
2nd kite/ 
magnus 
kite 
Ballon/ 
Blimb fan 
Liftforce of 
kite rotation slingshot 
control the 
kite 
3 point 
control mech. Arm magnetism 
hook&loop 
tape               
release servos 
open by 
force 
el. 
Magnetism 
breaking 
linkage 
no release, 
elongation 
of 
connection 
strong 
impulse 
Hook&loop 
tape snap shack 
single hook 
and loop 
open mech. 
Hand   
 
2 - Retrieval 
     Function Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 Solution 6 Solution 7 Solution 8 Solution 9 Solution 10 
lowering 
the kite 
Mast with 
slide 
telescopic 
mast 
tiltable 
mast Quadcopter pulley 
Ballon/ 
Blimb fan 
controlled 
landing/ 
impact     
control the 
kite 
3 point 
control mech. Arm magnetism 
hook&loop 
tape 
pull the 
kite into a 
cone           
coupling 
single hook 
and loop 
mech. 
Fingers 
permanent 
attached 
tether magnetism manual 
hook and 
loop tape 
arrow and 
net open hook 
clock 
mechanism   
 
3 - Relaunch preparation 
     Function Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 Solution 6 Solution 7 Solution 8 Solution 9 Solution 10 
bring the 
kite to the 
launch 
position slide on rail mach. Arm 
walls as 
pusher RC car quadcopter with a rope 
by action of 
main tether       
turn the 
kite mech. Arm 
turning 
planes quadcopter 
Pull into 
cones 
by action of 
main tether  using wind         
fix the kite/ 
store the 
kite with rope with chain 
with 
magnets 
with mech. 
fingers in a box in a cage         
 
Figure 3.1: The three morphological charts
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The three charts together show all possible solutions for the different parts of a launch and
retrieval system that have been found by the team.
The morphological chart is used by choosing one solution per row. The combination of all
chosen parts result in a theoretically possible launch and retrieval system. To make it easier to
understand two given examples of the way through the morphological chart are illustrated in
figure 3.2.
The combinations are coded by Numbers it is easy to find the described solutions
ABC︸ ︷︷ ︸
Launch
− DEFG︸ ︷︷ ︸
Retrieval
− HIJ︸ ︷︷ ︸
Relaunch−preparation
(3.2.1)
1. Combination 111-823-114
In this solution the kite is fixed to a slide at a mast via three points that hold the kite in a
defined position. To elevate the kite the slide will climb up the mast. At the top of the mast
the servos will decouple the kite from the mast so it can fly. The decoupling process will
start when the kite produces enough aerodynamic force to the connection points. When
the kite power is not needed anymore it can be deflated to destroy the lift forces of the
kite. In this way it can get pulled down very easily until the kite crashes controlled to the
ground. Here a mechanical arm, or a grappler on another slide will move to take the kite,
inflate the kite again and bring the kite to its starting position. The Kite will be fixed all
the time to the grappler until it starts again.
2. Combination 417-416-535
In future kite parks it might be an advantage if all kites are handled by only one LRS.
In this case the LRS cannot be fixed to a certain place. A good solution therefor are
quadcopters. This quadcopters can couple to a kite via hook & loop tape. To keep the
kite under control at least 2 Quadcopters have to be fixed to a kite. The quadcopters pull
up the kite until it produces enough lift force itself. At the end of a working cycle the
quadcopter can couple again to the kite just by touching it with the hook & loop tape and
bring it down to the ground. After the kite is safe stored in a box it gets uncoupled again
and the quadcopters can work at another kite.
Not all combinations seem to be economi-
1 - Launch 
      &ƵŶĐƟon SoůƵƟon 1 SoůƵƟon 2 SoůƵƟon 3 SoůƵƟon 4 SoůƵƟon 5 SoůƵƟon 6 SoůƵƟon 7 SoůƵƟon 8 SoůƵƟon 9 SoůƵƟon 10 SoůƵƟon 11 
elevate the 
kite 
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telescopic 
mast 
Ɵůtable 
mast Quadcopter pulley 
2nd kite/ 
magnus 
kite 
Ballon/ 
Blimb fan 
>ŝŌĨorce of 
kite roƚĂƟŽŶ slingshot 
control the 
kite 
3 point 
control mech. Arm ŵĂŐŶĞƟsm 
hook&loop 
tape               
release servos 
open by 
force 
el. 
DĂŐŶĞƟƐŵ 
breaking 
linkage 
no release, 
ĞůŽŶŐĂƟon 
of 
connecƟon 
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impulse 
Hook&loop 
tape snap shack 
single hook 
and loop 
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Hand   
 
2 - Retrieval 
     &ƵŶĐƟon SoůƵƟon 1 SoůƵƟon 2 SoůƵƟon 3 SoůƵƟon 4 SoůƵƟon 5 SoůƵƟon 6 SoůƵƟon 7 SoůƵƟon 8 SoůƵƟon 9 SoůƵƟon 10 
lowering 
the kite 
Mast with 
slide 
telescopic 
mast 
Ɵůtable 
mast Quadcopter pulley 
Ballon/ 
Blimb fan 
controlled 
landing/ 
impact     
control the 
kite 
3 point 
control mech. Arm ŵĂŐŶĞƟsm 
hook&loop 
tape 
pull the 
kite into a 
cone           
coupling 
single hook 
and loop 
mech. 
Fingers 
permanent 
ĂƩĂĐŚĞĚ
tether ŵĂŐŶĞƟsm manual 
hook and 
loop tape 
arrow and 
net open hook 
clock 
mechanism   
 
3 - Relaunch pƌĞƉĂƌĂƟŽŶ 
     &ƵŶĐƟon SoůƵƟon 1 SoůƵƟon 2 SoůƵƟon 3 SoůƵƟon 4 SoůƵƟon 5 SoůƵƟon 6 SoůƵƟon 7 SoůƵƟon 8 SoůƵƟon 9 SoůƵƟon 10 
bring the 
kite to the 
launch 
posŝƟŽŶ slide on rail mach. Arm 
walls as 
pusher RC car quadcopter with a rope 
ďǇĂĐƟon of 
main tether       
turn the 
kite mech. Arm 
turning 
planes quadcopter 
Pull into 
cones 
ďǇĂĐƟon of 
main tether  using wind         
ĮǆƚŚĞ kite/ 
store the 
kite with rope with chain 
with 
magnets 
with mech. 
ĮŶŐĞƌƐ in a boǆ in a cage         
 
Figure 3.2: The described combinations in 3.1
cally and/or ecologically reasonable at the
first thought, however, these ideas sometimes
are the best ones and hence shouldn’t be ig-
nored.
To compare the solutions with each other
an AHP will be used again. But first the
amount of comparable solutions has to de-
crease. It is reasonable to decrease the solu-
tions by dividing them in three categories:
1. Hoisting systems
(a) Static systems
(b) Non-static systems
2. Supporting systems
Chapter 3. Decision-Making Process 24
Hoisting systems lift the kite active by a special device. Static systems are represented by
full metal masts or cranes while non-static systems are represented by balloons or UAVs as these
devices are inflatable and movable.
Supporting systems represent the systems which do not hoist the kite active. They change
the boundary conditions (position of the TEP, apparent wind speed, etc.) in order that the kite
can lift itself.
In these categories the winch as a part of the power production system does not count as an
extra device to launch the kite.
This AHP will be done in the following way: First of all the three categories will be compared
to each other related to one specification. The best category gets one credit, the second best
category gets half a credit and the third category zero. Afterwards the credits will be multiplied
with the related weightings and at the end the sum of the products in each category will be built.
Specifications
Table 3.3: AHP of the three different categories of systems - Specifications
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Launch 16.36% 0.5 1 0 8.18% 16.36% 0%
Retrieval 16.36% 0.5 0 1 8.18% 0% 16.36%
Wind speed 12.73% 1 0.5 0 12.73% 6.37% 0%
no entanglement 12.73% 0 1 0.5 0% 12.73% 6.37%
no disturbance to pod 11.82% 0.5 0 1 5.91% 0% 11.82%
auto. Launch preparation 8.18% 0 1 0.5 0% 8.18% 4.09%
flexible launch direction 6.36% 0 1 0.5 0% 6.36% 3.18%
secure controlled kite 5.45% 1 0.5 0 5.45% 2.73% 0%
everything automated 4.55% 0.5 0 1 2.28% 0% 4.55%
decoupling from tether 2.73% 0 0.5 1 0% 1.37% 2.73%
kite size 2.73% 0.5 1 0 1.37% 2.73% 0%
Σ = 44.10% 56.83% 49.10%
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Quality Guidelines
Table 3.4: AHP of the three different categories of systems - Quality
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low mass 16.67% 0 1 0.5 0% 16.67% 8.34%
low price 16.67% 0 1 0.5 0% 16.67% 8.34%
small size 13.89% 0 1 0.5 0% 13.89% 6.95%
fit to advantages 13.89% 0 1 0.5 0% 13.89% 6.95%
easy maintenance 10.50% 0.5 0 1 0% 5.25% 10.50%
little ground space 9.72% 0 1 0.5 0% 9.72% 4.86%
low complex 9.72% 0.5 0 1 4.86% 0% 9.72%
on- and offshore 6.94% 0.5 0 1 3.47% 0% 6.94%
little energy 1.39% 0.5 0 1 0% 0.70% 1.39%
Σ = 8.33% 76.79% 63.99%
The result of the AHP, as shown in table 3.3 and table 3.4, arises that lightweight and non-
static systems are the best solutions for the launch and retrieval system. These systems fulfill the
specifications the most. Hence they will be analyzed furthermore. However, supporting systems
reach nearly as good results as the lightweight systems. Furthermore the quality guidelines show
that static and heavy systems hardly fulfill the needs.
"Any intelligent fool can make things bigger, more complex,
and more violent.
It takes a touch of genius – and a lot of courage – to move in
the opposite direction."
Albert Einstein
4
Non-static Systems
As we found out in chapter one non-static launch and retrieval systems are the best solutions in
a kite power application. They are lightweight, have a high movability and are affordable cheap.
The systems which will be compared in this chapter are
1. Balloons with different gases
2. A cylinder filled with air and raised by the magnus effect
3. An Unmanned Aerial Vehicle (UAV) as an example of a robotic, non-static system
4. An inflatable mast with the Tensairity® technology
As wind and aerodynamics of different objects are a big issue in this topic some basic knowl-
edge has to get introduced before the single systems can get analyzed.
4.1 Wind & Aerodynamics
4.1.1 Wind Force
If the wind comes up against an obstacle pressure accumulates. The strength of this pressure
depends on air density and the wind speed
pw =
1
2
Cpρairv
2
w (4.1.1)
With
• Cp = pressure coefficient
• ρair = density of the air
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• vw = Speed of the wind
cp is a value between 0 and 1. It reaches its highest value at the stagnation point in front of
the obstacle. Here the highest pressure on an obstacle is reached with the stagnation pressure
q =
1
2
ρairv
2 (4.1.2)
The Force of the Wind depends further more on the size and the shape of the obstacle.
Fw = CDqApr (4.1.3)
Apr is the projected area in wind direction and CD is the drag coefficient that depends on
the shape. A few main CD-values are listed in figure 4.1.
Figure 4.1: Measured drag coefficients [37]
4.1.2 Wind Speed
The speed of the wind depends on many different factors. Furthermore air can be treated as
fluid. In our case it means that the wind speed will have a boundary layer near the ground
depending on its roughness.
Roughness length
The roughness length z0 depends on the ground surface. The more obstacles are in an area the
rougher the surface and the longer the roughness length. In table 4.1 some values can be found.
Table 4.1: Surfaces and their roughness lengths
Surface Roughness Length z0 [m]
Water or ice 10−4
short grass 10−2
long grass or rocks 0.05
meadows 0.20
towns and suburbs 0.60
Woods and Cities 1− 5
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(a) Wind speed profile at the boundary layer [54]
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(b) The designing wind profile
Figure 4.2
Wind speed in the boundary layer
The vertical cut of the wind speed is shown in fig. 4.2
The specific wind speed for each altitude can be calculated with
v2
v1
=
lnh2−d
z0
lnh1−d
z0
(4.1.4)
Here v1 and v2 are the velocities at the altitudes h1 and h2. Velocity and altitude of index
1 are known, velocity of index 2 is searched. z0 is the roughness length. d is an offset between
the boundary layer and the real surface. If there are not many big obstacles d can be set to 0.
Otherwise, in a city or forest, d can be set as about 70%-80% of the high of the obstacles.
If d can be set to 0, Hellmann simplified the equation to
v2
v1
=
(
h2
h1
) 1
ln
h2
z0 (4.1.5)
Gusts
In the last section the expected wind speed was explained. But because of turbulences and
other effects the wind speed is not constant. In the worst case very strong wind gusts appear
which, referred to J.-P. Molly. leads to
vmax = vm
(
1 +
3
lnh2
z0
)
(4.1.6)
Equation 4.1.5 and 4.1.6 combined with the maximum design wind speed of 20 ms−1 and an
offshore roughness length of 10−4 lead to a worst case wind profile as shown in figure 4.2.
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4.2 Balloons
4.2.1 Gas Balloons
One of the biggest issues at the use of constantly inflated objects, like gas balloons as shown in
figure 4.3, is the period of maintenance.The balloons will have to get inflated again time by time
as they are loosing their gas due to diffusion through the membrane. Furthermore the membrane
is strongly influenced by the weather.
Diffusion
Referring to [72] the loss of the amount of substance N
Figure 4.3: A gas balloon as lifting
device [59]
as a function of time can be described by permeability of the
used gases Q, the surface area A, the membrane thickness d
and the difference of inner and surrounding pressure ∆p
N˙ = Q
A
d
∆p (4.2.1)
The permeability of different materials strongly depends
on the used gases. The permeability of Hydrogen is at least
twice as high as the permeability with Oxygen. The perme-
ability with Helium is not as high as the one with Hydrogen
but still significantly higher than with Oxygen. A full table
of permeabilities can be found in [71].
Experiences with gas balloons, zeppelins and blimps show
that a body loses about 9-10% of its gas volume per month
even with modern materials.
Weather
There are three main factors of weather that influence passive the interval of maintenance: the
UV-radiation, the humanity and the atmospheric changes.
UV-radiation Refering to [1] the influence of UV-radiation on rubber and latex membranes
are high as this radiation leads to a reaction of the rubber with the ozone. Due to this reaction
the membrane gets brittle and the balloon will explode very fast.
Humanity and Rain Rain and water which stick to the object because of high humanity
enlarge the mass of the object. [72] describes this by the loss of lift as a function of the amount
of rain per day.
F˙ra ≈ −gωAeffρH2O (4.2.2)
with the loss of lift because of rain F˙ra, the gravity g, the amount of rain per day ω, the
effective surface of the object Aeff and the density of water ρH2O
Strong rain might influence the analyzed lifting systems significantly, however, as the volume
(and thus the lift force) increases faster than the effective area for rain the effect of rain can be
neglected with big balloons.
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4.2.2 Hot Air Balloons
A hot air balloon as shown in figure 4.4 has many advantages compared to a gas balloon.
There is hardly diffusion through the balloon hull as the pressure inside the hull is the same as
the surrounding air pressure. Furthermore the membrane is not very prone to UV-radiation as
the balloon will only be inflated during a short time during launch.
However, hot air balloons are huge obstacles which are not
Figure 4.4: A common hot air bal-
loon [30]
resistant to rain as the hull might suck up the rain and the
effective area for rain is very high compared to the created
lift of hot air. (See paragraph "Humanity and Rain") In our
case the balloon will have a line to the kite instead of a bucket
but the size of the system balloon can be compared with a
one person balloon as the mass of a big kite, including pod
and tether, might be similar.
The big advantage of hot air balloons is the indepen-
dence towards any infrastructure (e.g. electricity, logistic,
etc.) and a short set up time compared to gas balloons. This
means it might be a good system for a flexible kite power
system, for instance as power device in catastrophic areas.
4.2.3 Controllability
Due to safety reasons balloons have to guarantee a certain
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η
h
l
F
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Figure 4.5: Draft of the forces on an
balloon
possibility of control. It should be at least guaranteed that a
balloon will not uncontrolled go under a certain level of alti-
tude. As seen in figure 4.5 the altitude is strongly dependent
on the wind force, the lift force and the the tether length.
η = tan−1
FL −G(k+mem)
Fw
(4.2.3)
h = l sin η = l cos η
FL −G(k+mem)
Fw
(4.2.4)
A passive way of controlling the altitude is by decreasing the
wind force. This can be done by morphing the balloon into
blimp or another streamlined body as seen in section 4.1.1.
But even with a streamlined balloon the wind force strongly
depends on the wind speed (see equation 4.1.3) and cannot guarantee a working system up to
20ms−1 wind speed.
An active control of the altitude is the lift force control. This can be done by more gas/hot air
or technical devices like fans. Furthermore an active control with technical devices can control
the azimuth. However, the active control part complicates a simple balloon a lot.
4.3 Magnus Kites
The problem of a balloon is the controllability. A control of azimuth and elevation without extra
devices like fans or gas pumps is desirable. This whole controllability can be reached by two
separately rotating cylinders which create a magnus effect.
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Magnus Effect
The Magnus effect describes a force which is produced by a rotating cylinder in a flow field. The
derivation of this effect can be read in [22]. The outcomes of the derivation can be explained by
the addition of a parallel and a dipole flow function and a rotation around a cylinder.
For the addition of a parallel and a dipole flow function (see fig. 4.6 left) the equation is
Ψz = c∞y
(
1− R
2
x2 + y2
)
(4.3.1)
• c∞ is the speed of the undisturbed flow
• R is the radius of the cylinder
• x is the axis in flow direction through the middle of the cylinder
• y is the axis perpendicular to the flow direction through the middle of the cylinder
For the rotation around a cylinder (see fig. 4.6 middle) the equation of the flow function is
Ψw =
Γ
2πb
ln
√
x2 + y2 (4.3.2)
• Γ is the vorticity
 
Figure 4.6: Flow lines around a cylinder. Left: parallel flow without rotating cylinder, middle: just the rotating
cylinder, right: combination of parallel flow and rotating cylinder [67]
The addition of (4.3.1) and (4.3.2), shown in fig. 4.6 at the right, is
Ψzw = Ψz +Ψw
= c∞y
(
1− R
2
x2 + y2
)
+
Γ
2πb
ln
√
x2 + y2
(4.3.3)
The flow velocities can get calculated out of (4.3.3)
cx =
d
dx
Ψzw (4.3.4)
cy =
d
dy
Ψzw (4.3.5)
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cR =
√
c2x + c
2
y (4.3.6)
As the surface of the cylinder is x2sur + y
2
sur = R
2 it is
cR,sur = 2c∞sinφ+
Γ
2πbR
(4.3.7)
• φ is the angle between the x-axis and the pointer of the radius
While Γ Ó= 0 the rotation and the parallel flow increase the result flow while they are in the
same direction. If they are in counter direction they decrease the result. As shown in fig. 4.6right
the stagnation point go next to each other. At a certain rotation Γmax the two stagnation points
get together to one single point. This point is at φ = −90ř and has the velocity cR,surface = 0.
With (4.3.7) we get
Γmax
2πb
= 2c∞R (4.3.8)
If we combine (4.3.8) and (4.3.7) we find the velocity of the top point of the cylinder (φ =
90ř)at maximum rotation:
cR,surface = 2c∞ sinφ+
Γmax
2πbR
= 2c∞ sinφ+ 2c∞
= 4c∞
(4.3.9)
By integrating the pressure we get the Force
Figure 4.7: Lift and drag coefficients [81]
perpendicular to the flow direction
FMagnus =
(
4πω
R
c∞
)(
Rb
ρ
2
c2∞
)
(4.3.10)
To reduce the whole aerodynamics again on the
known lift and drag formula (F = 12ρv
2
∞cA) we
can use the following charts from theAerodynamis-
che Versuchsanstalt Göttingen. Ca is the lift coef-
ficient and Cw is the drag coefficient. Figure 4.7
shows the lift and drag coefficients as a function
of the ratio between the circumferential speed and
the wind speed. Figure 4.8 and 4.9 show the in-
fluence of winglets to the lift and the lift to drag
ratio. Both charts show Uv−1=4. The numbers
3.0, 2.0 and 1.5 represent the ratio between the
diameter of the winglets to the diameter of the
rotor itself. Furthermore L represents the cylin-
der length and D the cylinder diameter. Figure
4.7 shows furthermore that the highest lift to drag
ration, and thus the highest elevation angle, can
be reached at U = 1.7v which means ωopt = 1.7
v
r
.
However, a maximum lift to drag ration of 1.7 leads to a maximum elevation angle of less
than 60°. This means against the first impression a magnus kite cannot fully control the elevation
and thus is not much better than a normal balloon.
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Figure 4.8: The influence of the diameter of winglets on the lift coefficient [81]
Figure 4.9: The influence of the diameter of winglets on the lift to drag ratio [81]
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4.4 Unmanned Aerial Vehicle (UAV)
In this section UAVs shall be compared to the previously mentioned balloons and magnus kites.
In this special case we specify on Vertical Take-Off and Landing (VTOL) UAVs as they can
hover, similar to balloons. There are two big advantages of VTOL UAVs:
1. A VTOL UAV is not very prone to wind as the effective area to wind is very small as well
as control and steering mechanisms are already available.
2. VTOL UAVs are independent systems. They don’t have to be connected to one kite system
and hence can handle multiple kites in a short time
Furthermore the use of UAVs can get extended through smart programming. This means for
example that an UAV can recognize damaged kites and pods and bring them automatically to
maintenance or even do simple maintenance on their own.
The most modern and high-performance UAVs are currently found in the military field. This
thesis will use facts from the EADS Scorpio-30 (see [61]) as this UAV roughly represent UAVs
in the size we need for a launching device and, furthermore, represent technique which will be
available for civil applications in a few years.
Table 4.2: Technical and Operational Characteristics of the EADS Scorpio-30
Airframe length 2.00 m
Main rotor diameter 2.20 m
Maximum take-off weight 38 kg
Payload capacity <15 kg
Speed 50 km
h
Altitude >2000 m
Endurance <2 h
Data link range (real-time imagery) 10 km
Figure 4.10: Illustration of the Scorpio-30 [60]
In the first impression this kind of UAVs is a very good solution for our problem, however,
there are not neglectable problems directly connected to UAVs.
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4.4.1 Mass
As mentioned in the characteristics such an UAV can lift less than 15kg. However, the current
kite, the pod and the bridle together weights about 20kg. Bigger kites in the future might even
be more heavy. This leads to the fact, that at least two UAVs are necessary to lift a kite with
pod and bridle.
4.4.2 Endurance
The Scorpio-30 has a maximum endurance of two hours. However, this value is strongly depen-
dent on the lifetime, the payload and the weather. To ensure a 24 hours working system four
UAVs are necessary - two UAVs in process and two at the charging station, ready to flight. This
of course means that the batteries can be fully recharged in maximum two hours.
4.4.3 Aerodynamic
Wind and Gusts
The Scorpio-30 is designed for operations in an altitude higher than 2000m where the wind is
relatively constant. However, our system has to operate in ground near altitude which makes it
prone to gusts. This situation requires a very stable and fast controller as each side slip of the
UAV can have hazardous outcomes. Even if controllers are faster than human pilots Aeroscout
GmbH [6], which is specialized on load transportation via UAVs, recommends not to fly in ground
near area at more than 30− 40kmh−1 (= 8.3− 11.1ms−1).
Downwash
The VTOL UAVs fly because they accelerate the surrounding air downwards. This creates a so
called downwash. If this downwash is against a plane, e.g. the ground, it creates force on this
plane. This leads to the fact, that the effective payload is the mass of the kite, pod and bridle
and, furthermore, the downwash force on the kite.
This effect is similar to the ground effect at helicopters, which (concerning to [5] and [13])
occurs in an altitude of less the one times the rotor diameter. To avoid the downwash on a kite
the distance between the kite and the quadcopter should be more than one main rotor diameter.
All in all UAVs are very interesting as a launch and retrieval system for AWE systems as they
seem to be good all-rounders. Though, an unexpected reaction of one UAV can lead to hazardous
outcomes on the UAV, the kite or the bridle. Thus a few years of development on controllers,
sensors and data processing has to be invested to prepare UAVs for kite systems. The cost for
material and development are hardly assumable.
4.5 Inflatable Mast
The Tensairity® beam is a combination of an inflatable beam, compression elements and tension
elements. The three elements together create a modified, inflatable beam which has the same
load bearing capacity as a steel beam.
In our case the idea is to adept the cable element of the Tensairity® system and add it to
an ordinary inflatable mast as drafted in fig. 4.11 with the radius R and the length l. The
main difference to a normal Tensairity® beam is the missing compression element so that the
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mast can decrease its length due to deflation. Its function of the compression element has to get
undertaken by the pressured air in the mast.
F 
q  
2R 
l  
Inated beam
Tension element
Wind
Kite
F 
Cable
qPress.
Figure 4.11: Draft of the inflatable mast
4.5.1 Structure
The torques that take effect on the inflatable mast are Mk, Mw, Mp and Mcab with
Mk = Fkl (4.5.1)
Mw =
∫ l
0
∫ l
0
qw(dy)
2 (4.5.2)
Mcab = Fcab2R (4.5.3)
Mp =
∫ 2R
0
∫ 2R
0
qp(dx)
2 (4.5.4)
The mast will stand if the sum of torques equals zero
Mcab +Mk +Mw +Mp = 0 (4.5.5)
Fcab =
Fkl +
∫ l
0
qwdy +
∫ 2R
0
qpdx
2R
(4.5.6)
With the slenderness γ of the mast
γ =
l
2R
(4.5.7)
we get
Fcab =
(
Fkl +
∫ l
0
qwdy −
∫ 2R
0
qpdx
)
γ
l
(4.5.8)
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According to [70] the maximum force in the cable is
Fcab,max = qpR
γ2
4
(4.5.9)
The combination of equation 4.5.8 and 4.5.9 and the fact, that qp is constant, lead to
qpR
(
2 + l
γ
4
)
> Fkl +
∫ l
0
qwdy (4.5.10)
Due to equation 4.5.10 an inflatable mast can theoretically handle all wind speeds as long as
the pressure in the mast is high enough. Furthermore the pressure in the beam can be adapted to
the boundary conditions. However, this needs a constant control and regulation of the pressure
and the pressure has to be very high.
Without the cable eq. (4.5.6) results in
qp2R > Fkl +
∫ l
0
qwdy (4.5.11)
The use of the cable thus reduces the needed pressure by the factor
2
2 + l γ4
(4.5.12)
4.5.2 Mass
The mass of the whole air mast can get approached by
m = l
(
Fcab,max
ρcab
σcab
+ 2πRρmem
)
(4.5.13)
with
• The density of the cable ρcab
• The cable yield stress σcab
• The mass per area of the membrane ρmem
As the pressure might has to be very high a strong membrane is needed. This means either a
thick membrane or several layers of thin membranes and furthermore special prepared joints. It
is hard to predict rough masses, however, for an inflatable mast, which can handle wind speeds
up to 20 ms−1 during retrieval, the mass will be relatively high. Appendix B will exemplary
calculate the mass of a mast for the 25mV3 kite with only one layer of membrane.
4.5.3 Maintenance
The maintenance of an inflatable mast is a big issue as both technological components and
material components are crucial for the system. Technical parts, e.g. pumps or actuators, can be
arranged so that they don’t need more maintenance than a common wind energy plant. However,
the membrane needs a high amount of maintenance as a small untight piece might cause a fatal
error for the mast.
Another big issue in the point of maintenance is the possibility of an impact from the outside.
This means both natural impact like hail or bird impact and human sabotage which unfortunately
cannot be excluded.
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4.6 Summary on Lightweight Systems
In this section the most important lightweight launch and retrieval systems have been presented.
Though these lightweight system really fit most of the specifications, strong wind creates a big
problem: Balloons and magnus kites cannot hover anymore and will get pushed to the ground,
a UAV might get very unstable and unsafe and an inflatable mast needs high inner pressure to
withstand the wind pressure which, at the end, leads to a very high mass (see Appendix B).
Anyway, as the inflatable mast seem to work in all cases it is the best solution.

"Get your facts first, then you can distort them as you please."
Mark Twain
5
The Prototype
The inflatable beam is the only lightweight system that can handle all different requirements.
However, as it is fixed to the ground a lightweight aluminum construction can create a lighter
system and, at the same time, avoid the problem of too high wind load. The following chapter
gives an overview of the designed prototype which shall show that the kite can launch and land
itself in a controlled and safe way by getting up from and to a hanging upside down position.
5.0.1 Design Criteria
Referring to [44] there are a few simple criteria to design in a good way. Good means both a
cheap construction to have a low selling price on the market and simple to keep the price for
setting up and maintaining the system as low as possible. The criteria are
1. For cheap constructions
(a) Use cheap material. Referring to [44] about 78% of the costs of cranes and similar
constructions are material costs.
(b) Use as little material as possible. The less material is used the lower are the
material costs and the lower is the mass of the construction which again influences
transportation costs.
(c) Construct in an easy producible way.
(d) For low amount productions use standardized pieces.
2. For simple constructions
(a) Keep the geometry simple.
(b) Try to use as few parts as possible.
(c) Try to use as few moving elements as possible.
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5.1 The Layout
After many discussions it has been decided that the kite shall launch itself without a special
coupling system just by swinging up from the upside down position. The reasons for this decision
have been that such a prototype has
• a high level of reliability
• a low level of complexity
• is easy and cheap to install
Furthermore one important factor has been the experience of the team with the behavior of kites.
Tests at the beach with small kites have already demonstrated that such a launch is possible.
Taking this decision and the new kite version 25m2V 3 in consideration we get the simple
specification that the kite needs ...
1. ... its pod at a positions of about 12m over the ground, as the distance between the leading
edge of the kite and the pod is around 10m
2. ... enough space to the move freely, including translation and rotation
3. ... to keep the steering ability
As the prototype shall be as simple and as cheap as possible the decision for a straight but
tilted mast has been made. Figure 5.1 shows the first draft of such a launch and retrieval system
prototype. The length of the mast (which is represented by the distance between point IV and
VII in the draft) shall be 14m and the tilting angle 60◦1. The elements between point I, II and
III and the mast represent the suspension tethers which hold the mast in this position. The
distance I-IV is 10m and II-IV,III-IV are 8m. Furthermore (not shown in the figure) the distance
between point I and the winch shall be 10m.
Coordinates list for the launching setup, 18-4-2012
Distances are measured in millimeters
x,"y","z"
I -1490.93,"-10002.6","0"
II -8419.13,"3997.38","0"
III 5437.28,"3997.38","0"
VI -1490.93,"4361.24","7488.43"
V -1490.93,"2194.79","3736.03"
IV -1490.93,"27.6868","0"
VII -1490.93,"6527.69","11240.8"
Figure 5.1: First design of the prototype
1
sin 60
◦
14m = 12.12m ≈ the desired altitude of the pod
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5.1.1 Calculations
In this section the the forces in suspension lines and mast shall be calculated. For this calculation
the mast is seen as a totally stiff element which does not bend. Hence, the middle and lower
suspension lines will not have to handle any forces and can be neglected. Furthermore the mast
and the lines are massless.
The kite will fly and produces a force on the tether. The tether, however, is not a straight
line between the kite and the ground station as it is fixed to the mast top. Hence, the tether
force acts both in the direction to the kite (η, ξ) and in the direction to the ground station.
This leads to the situation as shown in figure 5.2 with the dimension listed in table 5.1
Table 5.1: Specifications of the prototype calculation
a= 2m
b= 10m
c= 10m
d= 8m cos 30◦
e= 8m sin 30◦
l= 14m
α= 60◦
FTether
FTether
I
II
III
IV
VII
a
b
c d
e
D
E
x y
z
Tether exit point
at Groundstation
Mast
Suspension lines
Tether
l
h
[K
f
FIII
FIV
FI
FII
Figure 5.2: The prototype situation for the calculation
The whole construction is calculated without deformation. This means that the sum of all
forces that act on a point has to be zero. If it is not zero the point would move. The mast top is
of special interest in this calculation as here both the tether force and the forces on the system
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act. For this point it is
(ΣF )V II = 0
= Ft,GS + Ft,k + FI + FII + FIV
(5.1.1)
with the tether force which points towards the tether exit point of the ground station
Ft,GS =

 cosβ0
− sin β

Ft
β = tan−1
h− a
b+ c+ cosαl
h = l sinα
(5.1.2)
the tether force which points towards the kite with the elevation angle η and the azimuth anlge
ξ
Ft,k =

− cos η cos ξcos η sin ξ
sin η

Ft (5.1.3)
The forces in the mast Fm,I and in the suspension lines Fm,I , Fm,II , Fm,III are shall be calcu-
lated here. The
The force at point VII (FV II) is the sum of all suspension line forces and the mast force.
In this system the mast can only handle compression forces and the lines only tension forces.
Hence, as soon as ξ Ó= 0, we can neglect one suspension line in the front as it will hang lose.
Moreover all system components cannot handle moments.
Mk = 0, k = I, II, III, IV, V II (5.1.4)
In the following calculation the components of forces are handled separately. Their Index
shows at which point the force acts and the which component is meant.
With the boundary conditions
1. FI,y = FIV,y = 0
2. tanαFIV,X = FIV,z
3. h
c+e+f FI,x = −FI,z.
we get the result for the back anchor (I), a side anchor (II or III, dependent on the azimuth
angle) and at the ground point of the mast (IV) in dependence of the force which acts on the
mast top (VII).
FV II = FI + FII + FIV =

(cosβ − cos η cos ξ)(cos η sin ξ)
(− sin β + sin η)

Ft (5.1.5)
FI =


−FI,z(c+e+f)
h
0
−(e+f)FV II,z−eFII,z
−c

 (5.1.6)
FII =

−FI,x − FIV,x − FV II,x−FV II,y
−h
d
FV II,y

 (5.1.7)
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(a) The calculated force on the back anchor
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(b) The calculated force on the side anchor
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(c) The calculated force on the mast at the ground
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(d) The force at the tip of the mast
Figure 5.3: Resultant forces at significant points of the System at FT ether = 7000N
FIV =

 −FIV,ztan α0
−FI,z − FII,z − FV II,z

 (5.1.8)
By solving this system of equations we can calculate the value of each force and its direction.
The results are plotted in the following graphs (figure 5.3). The graphs show the resultant force
in dependence of the azimuth and elevation angle.
It is obvious that all forces are zero for ξ = 0◦ at approximately η = 20◦. This is because
at η = β = 20.55◦ the tether to the ground station and the tether to the kite form one line and
both forces cancel each other out. The forces in the back anchor and at the bottom of the mast
get reflected at the x-axis because high elevation angle try to erect the mast while the suspension
lines hold it in the position.
5.1.2 Mast
The mast is the only compression element in the whole construction. To keep it as lightweight
as possible it has to have a very small cross section area and a low density, however, to avoid
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buckling it needs a high Young’s modulus and a high moment of inertia. Furthermore it might
be the cheapest way to use standardized mass production elements.
The Prolyte X30D truss is a good option for the mast. It has a cross section area of 924mm2
and a minimum moment of inertia of 7631000mm4. It is produced out of aluminum (Young’s
modulus of E = 70000N(mm)−2). More details can be found in table 5.2
Table 5.2: Facts about the X30D truss referring to the producer
Material EN AW 6082 T6
Allowed normal force in the main pipes 22.17 kN
Allowed normal force in the joint pipes 7.04 kN
Cross section area A 924 mm4
Moment of inertia around the Y-axis IY 7712000 mm
4
Moment of inertia around the Z-axis IZ 7631000 mm
4
Allowed bending moment around Y-axis MY 4.59 kNm
Allowed bending moment around Z-axis MZ 5.30 kNm
Allowed perpendicular Force on Z-axis QZ 8.62 kN
Allowed perpendicular Force on Y-axis QY 4.98 kN
Specific mass m 3.8 kg
m
The mast is suspended with three lines in each direction hence we have a free buckling length
of 4.67m which leads, referring to [48], to a buckling load of
Fmax,com =
π2EI
4l2
≈ 60kN (5.1.9)
Including the worst case scenario of the buckling force (η = 0ř ξ = 90ř, see fig.5.3(c)) we get a
least safety factor of
sbuc ≥ 60kN
25kN
= 2.4 (5.1.10)
The mast doesn’t have to be checked on bending as the bending forces are compensated by the
suspension lines.
5.1.3 Suspensions Lines
These lines support the mast and handle the bending forces on the mast. To effectively
support the mast the tethers should hardly be able to stretch which means they either need a
high Young’s modulus or a big cross section area. The first idea is normal steel cable as it fulfills
the mentioned criteria and is cheap. However, steel cable is very sharp and can damage the kite
in case of a collision. Other material possibilities are dyneema and normal (hemp or polyester)
ropes. In general it is
ǫ =
F
EA
< ǫmax (5.1.11)
Unfortunately the Young’s modulus of a cable is not equal the Young’s modulus of its material.
Ernst introduced therefore a linearized formula to calculate a fictive Young’s modulus of loose
hanging cables:
Efik =
Ech
1 +
γ2
ch
l2
ch
12σ3
ch
Ech
(5.1.12)
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• Ech
[
N
mm2
]
is the Young’s modulus of the material
• γch
[
kg
m
]
is the material’s specific mass
• lch [m] is the horizontal span of the cable
• σch
[
N
mm2
]
is the tension in the cable
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Figure 5.5: The fictitious Young’s modulus of steel and dyneema
Figure 5.5 shows a comparison between steel cables and dyneema tether. Due to the low
specific weight of dyneema its Young’s modulus decreases slower than the one of steel. The
calculations show that the tension force in the side suspension line can raise up to nearly 15kN.
To keep the suspension lines as cheap and simple as possible it emerged that steel cables are the
best solution as the cable lengths of the prototype are relatively short. Combined with a high
pre-tension in the suspension lines the Young’s modulus can be kept relatively high. To prevent
damage on the kite they will be covered by isolation foam at crucial points.
For the first prototype we use steel cable with a diameter of d = 3mm and a minimum
rope grade of 1570N(mm)−2. These cables cannot handle the full range of possible forces in the
suspension lines but they are sufficient for the first measurements as the anchors hold less than
the cables.
The use of steel cable is optimal while the pre-tension is bigger than σx. Assuming Edyn =
109GPa, Est = 210GPa, γdyn = 9.1 · 10−3kgm−1, γst = 32.2 · 10−3kgm−1 and the maximum
horizontal distance of 10m we get
Est
1 +
γ2st·102
12σ3x
Est =
Edyn
1 +
γ2
dyn
·102
12σ3x
Edyn
σx = 3
√√√√ 100(γ2st − γ2dyn)
12
(
1
Edyn
− 1
Est
)
σx = 12.17
N
mm2
(5.1.13)
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This pre-tension in a cable with a diameter of 3mm equals a Force of
Fσ = σx
32
4
π ≈ 86N (5.1.14)
The ends of the cables will be looped using a thimble in the eye assembly (combination of
wire rope clips and a thimble) as described in the EN 13411-5-1 norm. A summary about the
use of wire ropes clips as described in EN 13411-5-1 is in Appendix C.
5.1.4 Anchors
To lead the tether force into the ground an adequate fixing is needed. However, to keep the
movability of the mast the fixing has to be easily removable. Normal tent pegs are likely to
loosen themselves in the ground after a while. For the ground in the Netherlands, which is
mainly sand, a good ground anchor had been found at slackline accessories. This ground anchor
holds up to 7000N in loose sand. Furthermore it can be installed very easy by screwing it into the
ground. Figure 5.6 shows an installed anchor. With more solid ground the anchor force increases
Pulling Force (F)Ground
Fine Sand
Clay
Flint & Sand
Fat Clay
Ground Anchor
Figure 5.6: The ground anchor and its maximum strength depending on the ground [14]
significantly, however, a maximum anchor force at Valkenburg airfield has not been examined,
yet.
5.1.5 Mast Top
The top part of the mast is the only only part which is, during launch and landing, constantly
in touch with the rest of the kite system. Hence, it can be seen as the most important part.
It has to
• guide the main tether over the mast
• keep the main tether under control
• ensure no entanglement of the main tether
• ensure no damage of the main tether
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Figure 5.7: Draft of the prototype’s top part
Specially due to changes in the wind direction it might be possible that the tether might move
sidewards on the mast top or even entangle. To fulfill the specifications the following mast top
construction, as shown in figure 5.7, has been designed.
The main element of this construction is the tube in the shape of a semi circle. The diameter
of this tube is big enough so that the tether can easily slide over it without too high bending or
friction. Besides that the shape of a semi circle makes it hardly possible for the tether to move
sideways out of the construction until the kite has a reasonable altitude. The semi circle has a
certain distance to the main trusses so that the main tether will not touch the trusses in normal
conditions.
To make sure the main tether finds back its way to the mast top construction during landing
a leading line is used (see figure 5.8). This leading line (red) is connected to the main tether
(yellow) by a removable pulley (B). The fixed pulley (A) at the mast top makes sure, that due
to reeling in the leading line pulley B pulls the main tether back into the semi circle. During
the launch and landing process the reeled-in leading line is fixed and ensures more safety on the
tether control.
A
B Main Tether
Leading line
(a) Theory (b) Reality
Figure 5.8: The mast top principle
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Appendix F contains the technical drawing of the mast top. This drawing has been used to
produce the mast top.
5.2 Finite Element Calculations
To evaluate the design and single parts of the prototype different Finite Elemente Method (FEM)
calculations had been done. Hereby a fast FEM algorithm which is included in SolidWorks has
been used to evaluate different parts and their dimensions. The FEM calculation of the whole
system has been done in ANSYS as line model.
5.2.1 The Truss
The truss of the prototype is the system’s compression
Figure 5.9: Von Mises stresses in the
truss calculated with FEM
element. The torque which acts on it is neglectable. As
calculated in section 5.1.1 the maximum compression force
can theoretically go up to 2.5 · 104N. The data which has
been used for this calculation is listed in table 5.2.
Figure 5.9 represents the result of the finite element cal-
culation. It shows the Von Mises stresses in all parts of the
truss. The pink arrows at the top represent the direction of
the force, the green ones at the bottom show where the truss
is fixed. The maximal apparent stress is 44N(mm)−2. This
means a safety factor of approximately 2. However the main
stress is less than 30N(mm)−2.
The picture shows that the main tubes of the truss handle
the force. The task of the joints is only to keep the space be-
tween the corner tubes which is important in case of bending.
5.2.2 The Mast Top
Figure 5.10: FEM calculation of the mast top: [left] Von Mises stress, [right] displacement
The finite element calculation of the mast top as seen in figure 5.10 has been done with a force
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of 2000N. The force is applied to the very end of the semi circle in the direction, represented by
the arrows. Even if table 5.2 shows a maximum force of 10000N at the mast top this calculation
is sufficient as the tether cannot go up to this point because of the pulley system inside the
construction. Besides that the prototype will turn around the length axis of the mast if an
eccentric force to that axis appears as the mast is not protected towards twisting.
Stress peaks are in the connections between two or more tubes. However, this is not a problem
as the CAD model has no welding connections included. The welding process will decrease the
stress at these points significantly.
5.2.3 The Whole System
The complete prototype has been calculated as a FEM line model in ANSYS to safe time and
resources compared to a 3D finite element calculation. Hereby the mast is designed by 3D beam
elements (BEAM4 ) and the suspension lines are designed by 3D elements which only can handle
tension forces (LINK10 ). The properties for the BEAM4 element are in table 5.2. For the
LINK10 element the program shall use a diameter of 3mm and the Poisson ratio of ν = 0.3
which is the Poisson ratio of steel.
Figure 5.11: Displacement finite element calculation of the whole prototype
Figure 5.11 shows the total displacement of the prototype in case of the same load as men-
tioned in 5.2.2. The maximum displacement is approximately 112mm. Besides the displacement
both forces and moments can get listed for all knots.
Taking into account that
• the anchor force has to be smaller than 7000N
• the compressions force of the mast has to be smaller than 60000N
• the tension in the suspension lines has to be smaller than 1570N(mm)−2
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it is possible to determine the force and position of the kite where it is not safe anymore to use
the prototype. The result is a graph as shown in figure 5.12 which shows the safety factor in
different colors as a function of the tether force, its elevation angle and its azimuth angle. The
green area ensures a safety factor of 1.5 and more. The yellow and the red area shall be avoided
as they cannot guarantee any safety. (Yellow: safety factor between 1 and 1.5, red: safety factor
smaller than 1)
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Figure 5.12: The safety of the prototype in dependence of the tether force, its elevation angle and its azimuth
angle
5.3 The Working Principle
To launch the kite it has to move into an area of the wind window where it can create enough
force to lift itself. This means for slow wind velocity the middle of the wind window and for high
wind velocity the border of the wind window.
To find the most natural way of such a kite launch the system has been tested with a one line
kite. This kite is neither able to steer nor to power or depower. As seen in figure 5.13 the kite
moves to one side. As the main tether is fixed during this maneuver the kite moves upwards, too.
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This can be compared to pendulum movement. Depending on the wind velocity the sidewards
movement can go up to the zenith. However, if the wind velocity is not fast enough the kite
moves to the middle of the wind window to increase the effective kite area for the kite force.
Figure 5.13: Launch of a one line kite
When the kite is in an upright position it flies figures of 8 to reel out the main tether and
reach an altitude where it can safely be in parking mode. While the kite is in parking mode
the leading line can get released so that the main tether creates a direct connection between the
ground station and the kite. The pulley of the leading line can be removed from the main tether
but it is not obligatory.
To land the leading line pulls back the main tether to the mast. Now, the top of the mast
is again the fixed point of the main tether. The main tether can now be reeled in until the pod
reaches the top of the mast. Then the kite can fall downwards without crashing on the ground.
After this procedure the kite hangs at the mast, ready to re-launch or on a comfortable high
for maintenance and modifications.
5.4 Field Tests - Evaluation and Modification
5.4.1 Prototype Installation
Erection of the Prototype
The original plan to erect the prototype was to lift the mast a little bit at its top and to hoist it
by pulling the line between point I and VI.
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Tests showed that it is in fact possible to erect the mast this way. But two problems have to
be handled:
1. The altitude, onto which people can lift the mast by hand, is limited
2. The pulling force in the cable I-VI is very high as long as κ is small and the mast is flat
on the ground
To solve problem one two wooden columns have been connected at one end by a rope. This
construction can be used to lift the mast even higher than without any tools. Furthermore the
wooden columns can be used to leave the mast half erected just lying on the rope between the
two columns.
DN
10m
I IV
VI
wooden
columns
Figure 5.14: The situation during the erection of the mast
To make sure that the mast will not flip out of the whole in the ground at point IV the wooden
poles can only push the mast in the area between 8m and 14m mast length.2 As the wooden
columns are 3m long it is only possible to push up the mast to an angle of α = sin−1 38 = 22
◦.
With
• Distance between I and IV = 10m
• Distance between IV and VI = 23 · 14m
• Mass of a 2m truss element = 8kg
• Mass of the Mast top = 10kg
we get the force in the cable as a function of α shown in figure 5.15(a)
To be able to pull around 2000N a winding tackle is attached to point I. With this winding
tackle even higher forces can be handled. However, the thimble in the eye assemblies get loose
at a certain force limit. A measurement during the Test on 23rd August 2012 showed that the
thimble in the eye assembly, as normed in EN 13411-5-1, looses itself and opens at about 3000N.
Figure 5.15(b) shows the measurement during the erection until a thimble in the eye assembly
opened.
To avoid this fatal error both thimble in the eye assemblies of this specific cable are reinforced
by two wire rope clips. Now five wire rope clips hold both assemblies.
Furthermore it is necessary to pay much attention the the elevation angle of the mast (α)
which has to be as big as possible before the cable is used to erect the mast.
2If the wooden poles push in the area between 0m and 8m mast length they are in front of the center of mass
and the mast would teeter over the columns. This strongly has to be avoided to ensure safety to both all persons
and material (specially the mast top)
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(b) The measured forces in the cable
Figure 5.15
Use of the Anchors
Turning the anchors into the ground is a hard and long process. It takes about 15 minutes and
at least one person to screw one anchor into the ground. As soon as the anchor plate hits a
medium sized rock it has to get out of the ground again and the process has to start from the
beginning. However it is absolutely necessary that the anchors are fully winded into the ground
to guarantee the anchor force. Figure 5.16 shows how the anchor force depends on the anchor
depth.
Screw-in depth Percentage
anchor force
Figure 5.16: Schematic pressure distribution at a pulling force F [14]
To ease the screwing process following modifications have been applied
• The front edge of the anchor plate has been sharpened so that it can cut the ground more
easy.
• Two steel tubes, each one meter long, can be used as lever arms. They fit in the anchor
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loop. For worst cases both tubes can be sticked together to create a lever arm of two meter.
However, too high torque in case of a blocked anchor is very likely to bend and or drill the
anchor.
5.4.2 Change of the Wind Direction
As soon as the wind direction turns the mast does not point straight downwards anymore. This
leads to a space limitation for the kite and it cannot swing anymore in one direction as there
are the suspension lines. As soon as the wind direction and the direction where the mast points
to differs more than 45° the kite can hardly launch. In this case the mast has to lie down again
and the anchors have to move accordingly to the wind direction.
To accelerate the whole procedure the first step could be to install six anchors in the shape of
a equilateral hexagon. The rotation of the mast means in this case only to change a few knots.
Even better would be rotatable construction. However, this leads to high costs which shall be
avoided, yet.
5.4.3 Tension of the Suspension Lines
Due to movements of the kite while it is still connected to the mast top the suspension lines
have to handle high forces. Unfortunately the suspension lines start hanging slack after a few
maneuvers. This effect is can be ascribed to
• the elongation of the suspension lines due to the pre-tension
• the stress-strain-hysteresis
• the slip of the lines through knots
At the moment the steel cables are connected to the anchors by fabric tethers. Above all,
these tethers can handle high elongation without breaking but need much time to get shorter
again. To make head against this problem we can of course work on the Young’s modulus as
presented in equation 5.1.12 by enlarge the pre-tension and/or we influence directly the elongation
by increasing the cross section area (see equation 5.1.11).
Anyway, the use of fabric tethers for the final solution has to be avoided for the suspension
lines as the material will sooner or later lose the tension and thus the suspension capacity.
5.4.4 Entanglement
There are two main problems with entanglement concerning the Prototype
1. The kite gets entangled with the suspension lines
During the launch procedure the kite moves sidewards. If the kite’s elevation angle is too
small it bounces into the suspension lines (see figure 5.17). This is not hazardous but
bothers the launching process significantly. An even bigger Problem is if the kite launches
and overshoots the mast top. Then it usually falls down in upwind direction of the mast
top. This means that the kite will hang in upwind direction of the suspension lines which
disables a relaunch without human help.
2. The kite’s bridle system or the main tether get entangled with the mast
The current situation is that the prototype is under the main tether and in front of the
ground station. The problem hereby is that the kite and/or the tether might fall on the
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Suspension
Line
Figure 5.17: The kite which buckles because of a suspension line
Figure 5.18: The kite which is entangled with the mast
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prototype and wrap around the mast. This is particularly the case for low wind situation
with a kite on a slack line. An example is shown in picture 5.18
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5.4.5 Launching Wind Speed
During the field test on 2nd August 2012 the first successful upside down launches have been
done. During this test day no measurement units were attached to the kite. Only the wind speed
during the day has been logged. To combine the launches with the wind data it is necessary to
know the time of the launches. Fortunately the photo protocol has a time stamp with which the
data could be combined. In figure 5.19 you see the wind speed data of the afternoon. The green
area highlights the time where the launch has been down with the one liner kite (see figure 5.13)
while the red area highlights the first launch with the 25m2V3 kite.
Later in the evening a few more successful launches have been done with even lower wind
speed, however, there is no wind data available.
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Figure 5.19: The wind speed during the afternoon of 2nd Aug. 2012

"Success comes in cans, not cant’s."
unknown
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LEI-Kite Model for upside down launch
The last chapter described the prototype of the launch and retrieval system. It showed that a
launch with this kind of system is possible and suites the requirements. However, many launches
still fail and it not clear how to launch the kite the best way. This chapter wants to model
the launch in order to find the best way of launching the kite. As there is barely information
about slow flying kites (specially about the situation when the kite orientation is not equal the
orientation of the apparent wind speed) it is desirable to use a model which is as simple as
possible. The launch is mainly based on aerodynamic forces and the mass of the kite. Thus a
point of mass kite model is used. With the help of this point of mass model an optimal launching
path which is based on measurable data shall be generated.
To combine the model with common aviation standards one of the reference frames is a small
earth analogy.
6.1 Reference Frames
To work with the model it is necessary to define three reference frames. The geodetic reference
frame is needed for the gravity and the description of the wind. In the body fixed reference frame
the aerodynamic forces of the kite are defined and for the use of aviation standards this report
works with the small earth reference frame.
1. The geodetic reference frame Fg
The geodetic reference frame, labeled by the index "g", is a orthonormal reference frame.
If we assume a spherical shaped earth the Xg-Yg-plane is tangential to the surface of the
earth. The positive Xg direction point towards the north pole and Yg eastwards. Zg
completes the reference frame in the right handed order and points downwards.
2. The reference frame on the small earth FSE
The small earth is an imaginary sphere around the tether exit point. The reference frame
of the small earth is similar to the geodetic reference frame. The small earth’s north pole
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is at its top. XSE and YSE span again a plane tangentially to the small earth sphere while
XSE again points to the small earth north pole. ZSE is also added in the right hand order.
Furthermore the elevation angle η and the azimuth angle ξ define the position of the kite
on the small earth. η = ξ = 0 is directly downwind.
3. The body fixed reference frame Fb
The body fixed reference frame is centered in the center of gravity of the kite. Xb points to
the front of the kite where the leading edge is mounted. Zb points towards the pod which
means downwards. Respectively the Yb axis points to the left of the kite.
6.2 Transformations
6.2.1 Transformation from geodetic to body fixed
The transformation from a geodetic reference frame to a body fixed reference frame is defined
by the aviation norm DIN9300 ([7]). It uses
• ψg as the rotation angle around the Zg-axis (=yaw angle)
• θg as the rotation angle around the Yg′ -axis (=pitch angle)
• φg as the rotation angle around the Xg′′ = Xb-axis (=roll angle)
Fg′ and Fg′′ are intermediate reference frames between two different rotations
The norm defines the rotation order as 1. yaw, 2. pitch, 3. roll so we get the transformation
matrix
bTg =b Tg′′ ·g′′ Tg′ ·g′ Tg
=

1 0 00 cosφg sinφg
0 − sinφg cosφg



cos θg 0 − sin θg0 1 0
sin θg 0 cos θg



 cosψg sinψg 0− sinψg cosψg 0
0 0 1


=


cos θg cosψg cos θg sinψg − sin θg(
sinφg sin θg cosψg
− cosφg sinψg
) (
sinφg sin θg sinψg
+cosφg cosψg
)
sinφg cos θg(
cosφg sin θg cosψg
+sinφg sinψg
) (
cosφg sin θg sinψg
+sinφg cosψg
)
cosφg cos θg


(6.2.1)
6.2.2 Transformation from small earth to body fixed
The transformation from a small earth reference frame to a body fixed reference frame is similar
to the transformation from the geodetic reference frame. The only thing which changes is the
value of the angle. Now we use
• ψSE as the rotation angle around the ZSE-axis (=yaw angle)
• θSE as the rotation angle around the YSE′ -axis (=pitch angle)
• φSE as the rotation angle around the XSE′′ = Xb-axis (=roll angle)
FSE′ and FSE′′ are again the intermediate reference frames
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bTSE =b TSE′′ ·SE′′ TSE′ ·SE′ Tg
=


cos θSE cosψSE cos θSE sinψSE − sin θSE(
sinφSE sin θSE cosψSE
− cosφSE sinψSE
) (
sinφSE sin θSE sinψSE
+cosφSE cosψSE
)
sinφSE cos θSE(
cosφSE sin θSE cosψSE
+sinφSE sinψSE
) (
cosφSE sin θSE sinψSE
+sinφSE cosψSE
)
cosφSE cos θSE


(6.2.2)
6.2.3 Transformation from geodetic to small earth
To transform from the geodetic reference frame to the small earth reference frame we first of all
have to define another angle:
• χ is the angle between the downwind direction and the Xg-axis
SETg =SE TTW ·W Tg
=

− sin η cos ξ sin η sin ξ cos ηsin ξ cos ξ 0
− cos η cos ξ cos η sin ξ − sin η



cosχ sinχ 0sinχ − cosχ 0
0 0 −1


=


(− cosχ sin η cos ξ
+sinχ sin η sin ξ
) (− sinχ sin η cos ξ
− cosχ sin η sin ξ
)
− cos η(
cosχ sin ξ
+sinχ cos ξ
) (
sinχ sin ξ
− cosχ cos ξ
)
0(− cosχ cos η cos ξ
+sinχ cos η sin ξ
) (− sinχ cos η cos ξ
− cosχ cos η sin ξ
)
sin η


(6.2.3)
6.3 Point of Mass Kite Model
The point of mass kite model leads to the final equation of Newton’s second law [52]:
FR,b = mkaR,b = Wb +Rb + Tb (6.3.1)
with
• the resultant acceleration
ar,b =

u˙b + qwb − rvbv˙b + rub − pwb
w˙b + pvb − qub

 (6.3.2)
ub,vb,wb are the translative movements of the kite in xb,zb,zb direction and p,q,r are the
rotational rates around the xb,yb,zb axis.
• the weight force
Wb =b TgWg = mkitegg

 − sin θgsinφg cos θg
cosφg cos θg


=b TSE ·SE TgWg = mkitegg

− cos η cosψSEcos η sinψSE
sin η cosψSE


(6.3.3)
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• the resultant aerodynamic force
Rb =

XY
Z

 (6.3.4)
which is the Lift force, in zb direction, the drag force, in xb direction and the steering force,
which is normal on the xb-yb-plane.
• The tether force
Tb =

FG
H

 (6.3.5)
The tether force is the force which is produced by the tether. This are mainly the pulling force
due to the winch and drag forces of the cable. As the pod is directly at the mast top the tether
cannot produce any drag so we know the direction of the tether force which is in zb direction.
Tb =

 00
H

 (6.3.6)
All these forces are drafted in figure 6.1.
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Figure 6.1: 2D visualization of the forces during launch
6.4 Small Earth Analogy
In the small earth analogy we assume a sphere around the tether exit point as shown in figure
6.2. This sphere shall be the small earth over which the kite is moving like an aircraft. By the
use of the small earth analogy the aviation norms of [7] can easily be adapted. The altitude of the
kite with its euler angles (roll (φ), pitch(θ), yaw (ψ)) refers to the small earth’s surface and the
position is defined by spheric coordinates (azimuth (ξ), elevation (η), tether length (l))around
the tether exit point.
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Figure 6.2: The fictive small earth around the mast top
6.5 The Launch
To model the equation for the launch some assumptions are necessary:
1. The tether is reeled in and the pod is directly at the mast top. l = 0
2. The kite’s bridle is always under tension. This means that the kite fixed z-axis always
point to the top of the mast respectively in the same direction as the z-axis of the small
earth analogy.
3. The small earth roll and pitch angle (φSE = θSE = 0)are zero because zb = zSE while l = 0
The effect of steering and powering shall only influence the aerodynamic forces and not the
attitude.
4. The tether brake is turned on and the kite force in z direction is 0. (FR,z)b = 0
5. The kite is always in the downwind direction of the mast during launch. −pi2 ≤ η ≤ pi2
To launch itself the kite must create a resultant force which can move the kite upwards. This
means the z component of the resultant force in geodetic reference frame has to be less than
zero.
(FR,z)g
!
< 0 (6.5.1)
As we only have the resultant kite force in the body fixed reference frame it has to be
transformed
(FR)g =g TSE ·SE Tb (FR)b (6.5.2)
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gTSE =SE T
−1
g
SETb =b T
−1
SE
(6.5.3)
Equation 6.5.1 to 6.5.3 lead to the constraint
(FR,z)g =
[
− cos η cosψSE cos η sinψSE sin ηcos ψSE
](R+ T +W )x(R+ T +W )y
(R+ T +W )z


b
!
< 0 (6.5.4)
Including assumption 3, equation 6.3.4 and 6.3.6 equation 6.5.4 simplifies to
(FR,z)g =
[
− cos η cosψSE cos η sinψSE sin ηcos ψSE
]X − cos η cosψSEmkggY + cos η sinψSEmkgg
0


b
!
< 0 (6.5.5)
Assumption 4 allows us to divide through cos η without a distinction of cases as 0 < cos η for −
pi
2 < η <
pi
2 .
(FR,z)g =
[− cosψSE sinψSE ] [X − cos η cosψSEmkggY + cos η sinψSEmkgg
]
b
!
< 0
= − cosψSEX + sinψSEY +
(
cos2 ψSE + sin
2 ψSE
)
cos ηmkgg
!
< 0
= − cosψSEX + sinψSEY + cos ηmkgg
!
< 0
(6.5.6)
It seems like the launch is an equation of the small earth yawing angle ψSE and the elevation
angle η. Let’s assume that the x component of the aerodynamic force is a multiple of the y
component.
X = λY (6.5.7)
(FR,z)g = − cosψSEλY + sinψSEY + cos ηmkgg
!
< 0 (6.5.8)
To find the most efficient SE-yaw angle ψSE we calculate the maximum by deriving
d
dψSE
(FR,z)g = sinψSEλY + cosψSEY = 0
λ = cotψSE
(6.5.9)
It shows that the highest forces in geodetic z direction will be reached if the aerodynamic kite
forces point in zSE direction with an azimuth angle of ξ = 0. The elevation angle η influences
the value of the minimal force but not the small earth yawing angle of the max. reachable force
ψSE
(
(FR,z)g,max
)
If | (FR)g | becomes stronger than desired λ will have to decrease. This means
that the kite will have to move more at the boarder of the wind window. Figure 6.3 illustrates
how the launching paths look like for −pi2 < η < 0
In figure 6.3 the kite launches with an yawing angle of 90◦. The reason therefor is that the
aerodynamic forces are proportional to the projected area of the kite towards the wind. Hence,
it is desirable to keep the projected area towards the wind as big as possible during slow wind
conditions.
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Figure 6.3: The exemplary launching paths for two different wind conditions

"Success is not final, failure is not fatal: it is the courage to
continue that counts."
Winston Churchill
7
Final Solution
The prototype is a good tool to measure forces during the upside down launch and to test different
ways of launching and landing. However, it still does not fulfill all specifications and is far away
from automation. This chapter shall introduce a system which fulfills the specifications, avoids
the problems of the prototype and can work with long human absence.
In this chapter rough dimensions of the 100m2 kite launching system will be calculated and
designed, however the main focus is on the search for the best solutions, processes and methods
and not on the calculation of each single bolt and angle.
7.1 Differences Between Prototype and Final Version
7.1.1 Avoiding Problems of the Prototype
In section 5.4 the problems of the prototype has been explained. This section shall explain how
these problems can be avoided.
1. The suspension lines
The suspension lines are a good tool to construct in a very cheap and simple way. Though
the lines create too many problems such as
• limitation of launching space
• becoming slack due to temporary tension peaks
• entanglement with the kite
• danger of damaging the kite
This leads inescapably to the fact that suspension lines cannot be used for the final design
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2. Entanglement
Besides the entanglement with the suspension lines (which will not be used anymore) the
kite and its bridle can entangle with the mast construction. To prevent this the final
construction has to be outside the space where the kite and the tether will be moving
during energy production.
3. Wind direction
With the loss of suspension lines little rotation of the wind direction is no problem anymore
as the space for launching increases significantly. Nevertheless the final design has to be
freely rotatable with the wind so that it can work in each wind direction.
7.1.2 New Skills
The specification sheet (Section 3.1.1) explains all the requirements for the launch and retrieval
system. unfortunately the prototype was not able to fulfill all of them. Hence, the final con-
struction need some add ons to achieve all the goals. The main points hereby are
• Control and storage of the kite and pod by the system during idle time
• Handling a kite up to 100m2 with a LD−1 ≈5.5.
• Relaunch preparation
7.2 Scaling
The size of the system is strongly dependent on the size of the kite. The known facts of the kite
are a surface area of 100m2 and a Lift over Drag ratio of 5.5.
In order to find out more facts about this fictive kite it is necessary to do two assumptions:
1. The 100m2 are the flat area of the kite AF lat
2. The kite design will be the same as the one of the 25m2 Version 3.
With these assumptions facts of the 100m2 kite can be calculated using the equations of [43].
7.2.1 Scaling of Kites
J. van den Heuvel described in [43] how to scale a kite. Therefore he used a scaling factor f for
lengths and f2 for areas with which he was able to scale all measurements and forces.
Measurements
To determine the measurements of the scaled kite following equations are used
l2 = l1f (7.2.1)
r2 = 21f (7.2.2)
S2 = S1f
2 (7.2.3)
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Figure 7.1: Scaling of tube and canopy sections [43]
Forces
The Lift and Drag of a wing is calculated by
Fi = Ci
1
2
ρv2S, with i = L;D (7.2.4)
The lift and drag coefficients are strongly based on the design of the wing. As both the original
and the scaled kite shall have the same design these coefficients are assumed to be constant.
Hence we get
L2 = L1f
2 (7.2.5)
D2 = D1f
2 (7.2.6)
Mass
The Mass of a kite is calculated by
mk = mtu +mcan (7.2.7)
LEI kites are usually made by very similar materials, such as rip-stop Polyester for the canopy
and Dacron for the tubes,
ρtu,2 = ρtu,1
ρcan,2 = ρcan,1
(7.2.8)
and the same material thickness.
ttu,2 = ttu,1, tcan,2 = tcan,1 (7.2.9)
As the kite design of the 25m2V 3 and the 100m2V 1, and thus the number of struts, is the
same the mass can get scaled with the scaling factor for areas f2.
mkite,2 = mtu,2 +mcan,2
= ρtu,2ttu,2l22πr2 + ρcan,2tcan,2S2
= ρtu,1ttu,1l1f2πr1f + ρcan,1tcan,1S1f
2
= mkite,1f
2
(7.2.10)
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(a) Isometric view (b) Front view (c) Side view (d) Top view
Figure 7.2: The design of the kite using the example of the 25m2V 3
7.2.2 The Kite
The current kite
The current kite which the ASSET Institute uses during tests is the 25m2V 3 kite. Facts about
that kite are listed in table 7.1
Table 7.1: Facts about the 25m2V 3 kite
Maximum force FR,max,25 = 12263N
Depower CR,min,25 =
CR,max,25
10
Flat area Sflat,25 = 25m
2
Flat aspect ratio
b2flat,25
Sflat,25
= 5
Total height of kite and pod system hkite,25 < 10m
Mass of the kite mkite,25 ≈ 10kg
The fictive kite
To calculate the data of the 100m2 kite we need the scaling factor f .
S2 = S1f
2 ⇐⇒ f =
√
S2
S1
= 2 (7.2.11)
With this factor the new facts of the kite are defined as
For the launch and retrieval system we use the same scaling factor. The mast top (which is
equal to the tether exit point during the launch and retrieval process) of the prototype was 12m
high and 7m away from the construction on ground level. Hence, the final system has to have
its tether exit point on 24m height and 14m length. The minimum gibbet height of 24m is fix
as the kite has to hang upside down with tensioned bridle plus a few meters of reel in distance.
The horizontal measurement is adapted from the prototype.
7.3 Static Mechanics
Section 7.1.1 describes how to avoid problems with the prototype. These experiences show that
a good launch and retrieval system is designed after the principle of a crane. This crane has to
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Table 7.2: Facts about the 100m2V 1 kite
From specification sheet
Flat area Sflat,100 = 100m
2
Lift over Drag ratio L
D
= 5.5
From scaling
Maximum force FR,max,100 = FR,max,25f
2 = 49052N
Depower CR,min,100 =
CR,max,100
10
Flat aspect ratio
b2flat,100
Sflat,100
= 5
Total height of kite and pod system = hkite,100 hkite,25f < 20m
Mass of the kite mkite,100 = mkite,25f
2 ≈ 40kg
be lm=24m high with a gibbet of lgib =14m as scaled up with the kite. The bending moments
on this crane will be produced by a pulling force of the kite up to FG=49052N (≈5000kg). To
make sure that no higher forces are applied on the crane a weak link, which can hold 5000kg at
the maximum, is attached between the tether and the construction.
7.3.1 Main Mast
The maximum bending moment is calculated by the superposition of the horizontal component
(blue) and the vertical component (green) of the pulling force vector as shown if figure 7.3
24m
14m
cos(K)*F
Fsin(K)*F
K
l  =
m
l    =gib
G G
G
Figure 7.3: Illustration of the bending moments
Mcr = (lgib sin η − lm cos η)FG (7.3.1)
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By deriving equation 7.3.1 the maximum bending moment can be found
d
dη
Mcr = 0
(lgib cos η + lm sin η)FG = 0
tan η =
−lgib
lm
η = 30.27◦
(7.3.2)
Mcr,max = 1.363MNm (7.3.3)
To summarize everything, the design load for the main mast is
• 1.363MNm bending moment
• ≈50kN axial force
• ≈50kN shear force
7.3.2 Gibbet
The maximum bending moment on the gibbet is determined in a similar way as on the main
mast. However, the maximum bending moment is at another angle.
Mgib = −lgib sin ηFG (7.3.4)
d
dη
Mgib = FG cos η
η (Mgib,max) = 90
◦
(7.3.5)
Mgib,max = 686.7kNm (7.3.6)
The maximum axial and shear force are the same as for the main mast.
7.3.3 Steel vs. Aluminum
The prototype is a construction with a mast of aluminum trusses and the top produced out
of stainless steel. The final construction shall be as lightweight and as cheap as possible. To
get a high moment of inertia but also save material and mass it will be a rectangular lattice
construction.
Even though the price of aluminum per m3 is lower than the one of steel1 the main crane
shall be designed by steel. The reasons therefor are
1. a smaller construction to hold the torque
2. linear stress-strain relationship up to Rp0.2
1Currently the price of steel is ≈ 750 €
t
= 5925
€
m3
and the price of aluminum is ≈ 1500 €
t
= 4050
€
m3
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Figure 7.4: Illustration of the stress-strain curve of steel and aluminum [50]
3. a longer free buckling length as it is proportional to the Young’s modulus as proven with
equation (5.1.9)
lbuckling =
√
π2EI
4F
(7.3.7)
4. cheaper production as welding and forming of steel is easier than welding and forming of
aluminum
5. smaller deformation at high loads
y =
x −M(x)
EI
dxdx (7.3.8)
6. experience
7.3.4 Dimensioning of the Mast and the Gibbet
As already mentioned in the previous subsection the lattice construction will be rectangular.
Its main tubes shall have an outer radius R and an inner radius r. Furthermore the distances
between the main tubes are the width w and the length l as seen in figure 7.5. The diameters
will not vary. The construction shall have a safety factor of s = 2.5 without the connection joints
of the grid.
It is
A = 4Atu = 4π
(
R2 − r2) (7.3.9)
Amin = 2.5
Fmax
Rp0.2
(7.3.10)
Fmax = max
{
M
w
50000
(7.3.11)
Imin = 2.5
4Fmaxl
2
π2E
with l =
{
24 for the mast
14 for the gibbet
(7.3.12)
I = 4
(
π
4
(
R4 − r4)+ (min(l, w)
2
)2
π
(
R2 − r2)
)
(7.3.13)
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w
l
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D
Figure 7.5: The mast in top view
It is obvious that high length and width are good for the construction as the moment of
inertia grows with these dimensions and at the same time the maximal force decreases. However,
if the mast’s dimensions are too big the joints neglect the loss of mass and costs as these joints
become very long. Cranes with similar loads (i.e. the Liebherr Tower Crane 81K [74])have a
mast width of w ≈ 1m which this work adepts for the launch and retrieval system. Furthermore
trusses usually have a R − r < R10mm. Therefore R − r = R10mm is used to guarantee stability
and endurance of the construction.
To calculate the dimensions of both the mast and the gibbet it is necessary to apply the
maximum allowed tension Rp0.2 and the Young’s modulus E to equation (7.3.9)ff. The outcomes
are the following:
Dimensions of the mast:
Rp0.2,st = 360
N
mm2
, Est = 210000
N
mm2
Fm,max =
Mm,max
w
= 1.363MN (7.3.14)
Am,min = 2.5
Fm,max
Rp0.2
= 9465.28mm2 ≈ 9500mm2 (7.3.15)
Am,min = 4π
(
R2 −
(
R− R
10
)2)
R =
√
Am,min
4π
100
19
= 63.1mm
Rm,ben = 64mm
rm,ben = 57.6mm
(7.3.16)
Im,min = 2.5
4Fm,maxl
2
m
π2E
=≈ 3.8 · 109mm4 (7.3.17)
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I = 4
(
π
4
(
R4 − r4)+ (min(l, w)
2
)2
π
(
R2 − r2)
)
I = π
(
R4 − 0.6561R4)+min(l, w)2π (R2 − 0.81R2)
(7.3.18)
with lmax = wmax = 1m as adapted from the cranes it is
Rbuc,min = 79.4mm
Rm,buc = 80mm
rm,buc = 72mm
(7.3.19)
The result of this calculation is a girder truss mast with a square cross section area as the
maximum force dimensions the buckling load which acts in each direction. The main tubes at
the corners have an outer radius of 80mm and an inner radius of 72mm.
Dimensions of the gibbet:
Rp0.2,st = 360
N
mm2
,Est = 210000
N
mm2
For the gibbet we assume a similar construction as for the mast. However, it is scaled down
to wmax = lmax = 0.7m
Fgib,max =
Mgib,max
w
= 981kN (7.3.20)
Agib,min = 2.5
Fgib,max
Rp0.2
= 2725mm2 (7.3.21)
Agib,min = 4π
(
R2 −
(
R− R
10
)2)
R =
√
Am,min
4π
100
19
= 33.8mm
Rgib,ben = 34mm
rgib,ben = 30.6mm
(7.3.22)
Igib,min = 2.5
4Fgib,maxl
2
gib
π2E
≈ 9.2 · 108mm4 (7.3.23)
In the same way as done for the mast we get following dimensions for the gibbet
Rmin,buc = 31.43mm
Rbuc,gib = 32mm
rbuc,gib = 28.8mm
(7.3.24)
Comparing the dimensions of the gibbet in case of bending and buckling, the dimensioning
load case is the bending with R = 34mm and r = 30.6mm
7.3.5 Tiltable or Telescopic Mast
Several ideas in the decision making process include a telescopic or tiltable mast to decrease
the visual impact and the wind loads. However, it came out during detailed analysis of that
topic that a solid mast is the best solution. The main points that are against a tiltable and/or
telescopic mast are:
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• It increases the number of weak links in the construction because many parts have to move
in relation to each other
• It increases the mass of the construction as additional parts are necessary to fix everything
in a safe way
• The costs of the construction will raise because of the same reasons
• The wind load on a girder construction is neglectable and thus the benefit of decreasing
the mast height imperceptible
Furthermore the mast is dimensioned to hold the maximum kite force and torque during launch.
Compared to that the wind force (as defined in [2]) on the mast during flight or idle time is
neglectable
7.4 Rotation
One big problem of the system is the full rotatability to launch in each wind direction. There
are three main possibilities to reach the rotatability:
1. The whole system, including crane, winch and other important components, is mounted
on wheels or a bearing.
2. Only the crane is rotatable. The controlling systems, the winch and other components are
on a fixed part at the ground.
3. Just the gibbet is rotating.
Possibility one and two are so called bot-slewer constructions while the third one is a top-slewer.
Top-slewer cranes have their bearing directly at the gibbet. Their advantage is that they can
handle higher loads and work with smaller restricted ground space. Bot-slewer cranes, however,
are cheaper and easier to maintain.
In our case possibility two is the best solution. One reason is that a top-slewer crane cannot
guarantee full decoupling of the system during flight and at the same time full rotatability. The
other reason is that a high mass on the bearing can be avoided as the main ground station parts
stay static.
The scheme of rotation will not change much compared to the current ground station. While
the current cable path through the ground station is as shown in figure 7.6 the future system
will only add a crane to that path between pulley 1 and 2. The drum and pulley one will be
static while pulley 2 and 3 will rotate with the system. Hereby the tether will be directed on the
rotation axis into the middle of the mast to enable free rotatability.
The bearing will have to handle both axial force, due to kite, mass and torque. To deal with
this special bearings have been designed. However, as there is enough space available, at least
separate bearings are cheaper. These bearings shall be mounted in an "O adjustment" as shown
in figure 7.7 to increase the distance A and to handle the torque on the mast in the best way.
The rotation speed of the bearing is very slow. By definition a bearing with a rotation speed
lower than n = 10min−1 can be handled as static bearings. The safety factor, referring to SKF,
is hereby
S0
{
≥ 1 for ball bearings
≥ 2 for roller bearings (7.4.1)
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Figure 7.6: Schematic drawing of the current cable path through the ground station
Figure 7.7: The O-Adjustment of two bearings [48]
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Furthermore the designing static bearing load is defined by the distance between the bearings
and the maximal created static force
P0 =
Mmax
A
(7.4.2)
Finally the loading factor C0 defines the size of the bearing.
C0 = P0S0 (7.4.3)
[49] does not contain data for bearings with diameters in the range of about 1m and higher.
Furthermore it is not possible to find bearings with an allowed loading factor in the range of
1MN. Hence it can be assumed that these bearings need to be specially designed for the system.
However, with these data (S0, P0, C0) a bearing company should be able to produce a suitable
bearing. This bearing will be under the influence of rain thus it is necessary to have a waterproof
seal for the bearing.
Another issue in case of rotation is the control of rotation. One the one side the free rotation
has to be blocked during launch maneuvers. A rotation of the gibbet makes a launch at the wind
window impossible. On the other side an enforced rotation during low wind speed launches will
increase the apparent wind speed at the kite and eases the launch. In conclusion it is possible
say that it is obligatory to have a brake to keep the launch ability. An engine with clutch would
even improve the launch.
Including the maximum kite force and the maximum wind load on the storage space (see sec.
7.6.2) we can dimension the brake and the motor:
• The brake has to block a torque up to
Mlaunch,max = lGibbet × Fkite,max = 686.7kNm (7.4.4)
• The engine has to handle a torque against its rotation up to
Mrotation,max = ltorque,rotation × Ftorque,rotation (7.4.5)
Hereby the torque length is the half of the storage space radius and the force is calculated
with the area of one side (radius times height) and a worst case drag coefficient.
ltor,rot = 8m
Ftor,rot =
1
2
ρairv
2
50yCDAtor,rot
≈ 213.5kN
Mtor,rot = ltor,rot × Ftor,rot = 1.708MNm
(7.4.6)
The power of an engine is calculated by its torque and the appropriate rotation speed
Peng = Mengωeng (7.4.7)
As the rotational speed of the mast is nearly zero the necessary power of the engine can be chosen
in dependence of the rotation speed of the mast. For rough dimensions the rotation engines of
cranes with 1− 7.5kW [45] can be adapted.
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7.5 Grounding
7.5.1 Onshore
The foundation has the task to lead the forces and moments safely into the ground. Depending
on the size of the system it might be possible to have an ordinary foundation. However, if
the system size increases and the maximal allowed ground pressure becomes too high another
foundation, such as a pile foundation might be more economical.
Foundation
The following calculations for a foundation base on the norms DIN 1054 [66] and EN 1997 [26]
and the dimensions of a 100m2 kite station. An ordinary foundation is exemplary designed as
common wind turbines use these sort of foundations, too.
[66] instructs to calculate the ground pressure with

ΣV
a
b
a’
b’
ea
eb
2ea
2eb
Figure 7.8: Top view on an rectan-
gular foundation [34]
σDIN1054 =
ΣV
a′b′
(7.5.1)
with a reduced grounding area because of an eccentric act-
ing force. ΣV is the sum of the vertical forces and e is the
distance to the center in a and b direction as seen in figure
7.8.
As the system rotates freely the foundation shall be cir-
cular.
σDIN1054 =
ΣV
πr′2
(7.5.2)
r′ = r − 2er (7.5.3)
The value of the eccentric distance e is
er =
ΣMr
ΣV
=
Fx+Hy
F
≤ r
4
(7.5.4)
4er = rmin (7.5.5)
r′min = 2er (7.5.6)
The meanings are shown in figure 7.9
F
H
x
y
2r
Figure 7.9: The foundation from the
side view [34]
Adapting the load of the system (see figure 7.3) we get
H = cos ηFk
F = (msys +mf )g + sin ηFk
M = (lgib sin η − lm cos η)Fk
(7.5.7)
As the foundation shall be completely in the ground it is
y = 0. So we get
er =
M
F
=
(lgib sin η − lm cos η)Fk
(msys +mf )g + Fk sin η
(7.5.8)
The ground pressure is a function of the system mass msys, the foundation mass mf and
the angle η. To get msys we can upscale the Ground station similar to the scaling of kites as
described in 7.2:
msys = mGS,currentf
2 = 8800kg (7.5.9)
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Including the crane construction, engines and other add ons we assume all in all
msys = 10000kg (7.5.10)
Furthermore the ground in the Netherlands is mainly sand. Therefore we take a maximum
ground pressure of σmax,sand = 150
kN
m2
.
To get the mass of the foundation the volume of the foundation is multiplied with the density
of concrete
mf = πr
2hfρconcrete
= π16e2rhfρcon
(7.5.11)
hereby is hf = 0.8m as this is the minimum height of a foundation which creates the highest
radii.
er,min,tor =
M
F
=
(lgib sin η − lm cos η)Fk
(msys + 16πe2r,min,torhfρcon)g + sin ηFk
(7.5.12)
e3r,min,torque +
−msysg + sin ηFk
16πhfρcong
er,min,tor − lgib sin η − lm cos η
16πhfρcong
Fk = 0 (7.5.13)
Now we substitute and get
e3r,min,tor + per,min,tor + q = 0p =
−msysg + sin ηFk
16πhfρconcreteg
q = −14 sin η − 24 cos η
16πhfρcong
Fk
u =
3
√
−108q + 12
√
12p3 + 81q2
er,min,tor =
u
6
− 2p
u
(7.5.14)
Furthermore equation (7.5.2)ff result in
σDIN1054 =
F
π(2er)2
≤ σmax,sand
=
(msys + 16πe
2
rhfρcon)g + sin ηFk
π(2er)2
er,min,σ =
√
msysg + sin ηFk
4π (σDIN1054 − 4hfρcong˙)
(7.5.15)
The minimal radius of the foundation is given by
rmin = 4 max(er,min,tor, er,min,σ) (7.5.16)
Figure 7.10 shows the absolute value of the minimal radius as an equation of the angle η. For
the station the minimal foundation radius, including the safety factor s = 2.5, is
rmin = 2.5 · 4.70m = 11.75m (7.5.17)
with the minimal foundation high
hf,min = 0.8m (7.5.18)
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Figure 7.10: The minimal radius as an equation of η
Anchoring
To save concrete and thus money and emissions a foundation should be avoided. Hence the
solution of the prototype does not seem too bad. Assuming that there are the same scaling rules
for the anchors as explained in 7.2 we can design an anchored system as described in this part.
Important: The anchored system, as described here, does not fulfill any building regulation.
In the design of an anchored system the crane and all components are installed on a metal
cross. Each branch of this cross has the length lcro. At the end of each branch an anchor leads
the force into the ground. The anchor shall be similar to the ones that are used in the prototype,
scaled by the factor f . If the crane produces a torque M the counter torque has to be created
by the anchors and the branch length. As shown in figure 7.11 It is
M ≥ lcroF (sin ξ + cos ξ)
F = Fan,proto,minf
2
(7.5.19)
The maximum torque of the crane is 1.363MNm, the minimum prototype anchor force is
7000N . The minimum of (sin ξ + cos ξ) is 1.
If we now assume a length of Lcro = 8m we get
Fmin =
Mmax
lcro
= 170375N (7.5.20)
To adept a safety factor of 2.5 on the torque both the cross branch and the Force are multiplied
by
√
2.5 ≈ 1.6.
This leads to a metal cross on the ground with the branch length of lcross = 8m ·1.6 = 12.8m
and an anchor scaled by the factor
1.6Fmin = Fan,proto,minf
2
f ≈ 6.24 (7.5.21)
As the mast girder construction is already designed to hold this torque the same construction
can be used for the cross branches.
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Figure 7.11: The top view of an anchored metal cross
The foundation depends strongly on its radius and its mass. Unfortunately this is contradic-
tory to the goal of lightweightness of the system. However, to keep the system and the fundament
as lightweight a possible as trick can be used. The fundament will be designed as an open body
which will be filled again with rocks and sand from the surrounding area. This safes material
and raw mass of the system.
7.5.2 Offshore
The mast is a very lightweight object, hence the offshore platform is very likely to be designed
as a floating platform. It consists of a heavy "underwater foundation" and a floating "overwater
foundation". The two foundation parts are connected with cables. The following section designs
such an offshore foundation in a very simplified way as some streaming effects of the water are
excluded. However, it gives a first impression.
Figure 7.12 shows the offshore foundation. It is swimming with n floating bodies. These
floating bodies have to create enough floating force to make sure the system does not get under
water even by strong water drag. The cables are connected to the foundation and the system.
In this case a cable connection similar to a tripod is assumed. It allows the system to swim in a
specified area. In general it is
Ffl,R = nFfl (7.5.22)
FG = (msys +mfl +mcab)g (7.5.23)
FH2O =
1
2
ρH2Ov
2
H2O
(CD,cabApr,cab + CD,flApr,fl) (7.5.24)
The kite force is equal to the previous sections and again a function of its elevation angle η.
The worst case situation is very rough sea. This means a high horizontal force on the floating
part.
tanΞ =
cos ηFk + FH2O
sin ηFk + nFfl − FG (7.5.25)
Specially in deep water it must be Ξ
!≈ 90 to keep the swimming area as small as possible.
Hence Ffl must be very high.
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Figure 7.12: The simplified scheme of a floating offshore foundation
For the foundation under water we get the minimum mass of
mf,underwater > (sin ηFk + nFfl − FG)max (7.5.26)
and a projected are to the ground of
Apr,f,underwater >
(cos ηFk + FH2O)max
σmax,ground
(7.5.27)
The total force in the cables is
Foffs,cab = sqrt(cos ηFk + FH2O)
2 + (sin ηFk + nFfl − FG)2 (7.5.28)
Besides the underwater foundation another design criteria is that the floating bodies with-
stand the maximum torque of the system of 1.363MNm. (See (7.3.3))
Fflx > Mcr,max (7.5.29)
7.6 Idle Time
The time while the kite is not flying, the so called idle time, is the part where the highest amount
of automation is necessary. Unfortunately the idle time topic is not covered by the prototype,
yet, and thus there exists no real data. However, a fully automated launch and retrieval system
has to handle the idle time in matters of
• the control of the kite, both translation and rotational movements
• the storage and protection of main parts of the system, especially to wind, weather and
UV-radiation
• prepare the kite for the next launch
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As this part needs a high amount of automation it is strongly influenced by actuators, controls
and sensors. This section, however, will only focus on mechanic solution as ideas to that topic.
Hereby the focus was on a solution which
• is as simple as possible
• uses as many norm parts as possible
• needs as less as possible different additional parts
• is easy maintainable
• costs es few as possible
7.6.1 Control
If the kite is idle it will hang upside down at the tip of the gibbet. Unfortunately the exact position
of the kite is a function of the drag. However, with the tether length lt and the maximum lift
to drag ratio LD−1 an area of possible positions can be determined as shown in figure 7.13 We
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Figure 7.13: The position of the kite in dependence of the drag
assume that the Lift force point straight downwards in full depower mode.
It is
η + 90◦ = arctan
D
L+mg
= arctan
D
5.5D +mg
(7.6.1)
0 ≤ η + 90◦ < 10.31◦ (7.6.2)
To control the kite a simple grabber, which shall hold the main tube and the canopy behind
it, is the best solution as it gives a high level of control to the kite with very simple technics.
Figure 7.14 shows how the grabber will work. The grabber can open and close by the rotation
of a thread which is connected to an actuator A. Of course the grabbing mechanism has to be
covered by some soft material to be sure that the kite will not get damaged.
Unfortunately this grabbing mechanism disturbs the space for launching and retrieving the
kite. Thus this mechanism has to move out of the launching space.
Chapter 7. Final Solution 86
A
Figure 7.14: The principle of the grabber
Different types of arms had been discussed. On the first thought an arm which can increase
its length (i.e. telescopic) seemed to be the best solution but after another AHP it was clear
that a simple second gibbet, which can slide from the backside of the mast to the front, is the
best solution. It has the disadvantage, that it needs much space on the back side of the crane.
However, this space has to be restricted anyway as the crane can rotate freely. The advantages
of this solution are
• very simple structure and mechanism
• It again only needs one actuator
• The torque, which is produced by the grabber-gibbet on the backside of the crane can be
handled as a small counter torque to the launching forces.
The grabber shall rotate with the mast and be able to bring the kite to a box even in upwind
direction. In the worst case the kite may produce a force up to Fmax during the rotation towards
this box. Hence, the grabber arm has to have the same dimensions as the gibbet.
To keep the production as simple as possible the girder truss for the gibbet will be used
for the grabber arm, too. However, the grabber arm gets an additional rail with thread for its
movability.
7.6.2 Storage
The storage of the kite and the pod shall protect the components of wind, weather and UV
radiation. Hence, a simple box easiest solution. However, it cannot be applied for off shore
systems as long it is not directly attached to the mast2.
The storage unit has to be very big. However, its structural loads are not more than the
wind loads that appear on it. Hence it can be very lightweight. The idea is not to use metal but
some kind of tarpaulin or similar which is hold by a few metal rips. It opens and closes around
the mast so that at the end a small tent is around the kite and the pod. The idea is shown in
figure 7.15
The storage room shall have a radius of rsto = 16m and a height of hsto = 7m so that the
kite including the control unit can be in protected 3.
2I assume that there is no possibility to install a box independently to the mast off shore
3The 100m2 kite is about 6m high and 16m wide. The tip of the gibbet, where to pod is underneath, is 14m
away form the mast
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Figure 7.15: The storage room with open back side
As long as the skin is solid enough to withstand storm and hail this protection is enough for
the kite. In a closed situation the mast has to hold the force of a 50 years 1 second gust with the
wind speed of v50years = 52
m
s
[11]. As the storage room for the kite is 44m wide and 7m high it
creates a force of up to
Fmax,sto =
1
2
ρairv
2
50ycmax,stoASto (7.6.3)
Regarding figure 4.1 the maximum coefficient is cmax,sto = 1.14. However, the coefficient can
decrease to cmax,sto = 0.42 for very strong wind by rotating the mast so that the round part of
the storage box in in upwind direction and the storage becomes more aerodynamic.
Fmax,sto ≈ 156kN
≈ 700 N
m2
(7.6.4)
The height of the lower limit of the storage is room is therefor given by
Mmax,cr
Fmax,sto
− hsto
2
= 5, 2m (7.6.5)
7.6.3 Relaunch Preparation
The relaunch preparation in this design is pretty simple as the kite is already in the attitude and
will swing back on its own to the launch position as soon as the grabber gives it free. However,
the kite’s leading edge needs to be under pressure before launch. The system will not pump up
the kite as modern robotics are avoided to keep the system cheap and simple. To prepare the
pressure in the leading edge of the kite this work assumes a simple pump which is included in
the leading edge and controlled by a pressure sensor. As the leading edge of the 100m2 kite will
have a diameter of 400mm there will be enough space for a pump.
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7.7 The Final Design for Commercial Usage
Figure 7.17 shows the final design of a kite launch and retrieval system in the application as
a single kite system. It shows the main components and highlights all movable elements. The
bridle and the tether are excluded in this figure.
As visible in both picture the final design will again have the semi circle at the tip of the
gibbet. It again ensures that the tether cannot entangle sidewards with the gibbet. However,
this time the semi circle does not need special space holders to the gibbet as the construction is
over the tether. Furthermore this is the reason why the semi circle points downwards, too.
Another conspicuous element is the triangular frame between the grabber arm and the mast.
It includes the rail for the grabber arm and a suitable connection to the main mast. it is relatively
big as it has to lead big moments from the rail to the mast in worst case situations.
Last but nor least figure 7.16 shows a circle under the bearing table. This circle represents
the winch. It is a circle with a diameter of 1m, which includes the winch diameter of 323mm
and several layers of tether.
The main data of the final design is listed in 7.3
Table 7.3: Technical specifications of the final design
General
Max. force 49052 N
Max. torque on the mast 1.363·106 Nm
Max. torque on the rotation engine 1.708·106 Nm
Girder Construction
Mast length 24 m
Mast width 1 m
Mast main tube outer radius 80 mm
Mast main tube inner radius 72 mm
Gibbet length 14 m
Gibbet width 0.7 m
Gibbet main tube outer radius 32 mm
Gibbet main tube inner radius 28.8 mm
Grabber arm length 21 m
Grabber arm width 0.7 m
Grabber arm main tube outer radius 32 mm
Grabber arm main tube inner radius 28.8 mm
Storage
Storage height 7 m
Storage radius 16 m
7.7.1 Advantages of the System
• The launching space under the gibbet is completely free of obstacles. The kite can move
freely in the complete downwind area of −90◦ < η < 90◦ and −90◦ < ξ < 90◦ with
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Main tether
Pulley release lines
Bridle
Figure 7.16: The side view of the crane including schematic the position of lines
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Kite
Grabber
Fundament
Main crane
Bearings
Storage surface
Engines/Actuators:
- Release pulleys to 
  decouple the !ying kite
  from the crane
- Open/close grabber
- Open/close storage
- Slide grabber
- Rotate the whole 
  set up
Pod
Figure 7.17: The isometric view of the final design
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arbitrary yaw angle 0◦ < ψ < 360◦
• All movable components of the system are attached to the mast while all static systems are
attached to the bearing table. This enables always a free rotatablility of 360◦ independent
of the foundation. The only requirement to the foundation is to hold the maximum torque.
• The open storage canvas does decrease the applied wind speed on the kite during start. It
rather supports the launch as the circular shape acts like a slight cone.
• The round part and the flat part of the canvas can be opened separately. Maintenance can
be done in the closed canvas to keep the kite smooth and protect it of wind.
• The influence of girder construction to the wind is neglectable.
• The kite does not need to deflate or get decoupled from the system. However, to decrease
the stress on the tubes it can get deflated if desired.
• The kite is always full under control by the pod as the bridle will stay tensioned. This
enables the kite to reach the correct retrieval position to get grabbed.
7.7.2 Disadvantages of the System
• To hold the torque at these lever arm dimensions the system either has to be huge or heavy.
• The storage area is very big to store the whole kite which even notional enables static kite
constructions.
• It is always attached to one kite. To launch multiple kites is not possible, yet.
7.8 Price Estimation
This section will roughly estimate the price of an onshore 100m2 kite system. It will only
include material and production cost estimations. The prices are all estimated conservatively
and rounded up to a multiple of 100€. To compare the estimated price of the system we use the
price of the Liebharr 81K crane which is, referring to [53] 250000€ excluding taxes.
1. Costs of the Girder Construction
The girder construction consists of the mast, the gibbet and the grabber arm. The mast
consists of four main tubes with a cross section area of
Am = 4π(R
2
m − r2m) ≈ 15.3 · 103mm2 (7.8.1)
A pack of 4 joints (one joint per side) is included in a mast length of 375mm. Each joint
has a length of 1068mm and a cross section area of
Ajo = π(R
2
jo − r2jo) ≈ 1.9 · 103mm2 (7.8.2)
This results in a metal volume of the mast of
Vm = 886.7 · 10−3m3 (7.8.3)
The cross section are of the four main tubes is
Agib = 4π(R
2
gib − r2gib) ≈ 2.8 · 103mm2 (7.8.4)
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The joints of the gibbet and the grabber arm are 825.5mm long. Their outer radius is
10mm and the inner one is 8mm
Ajo,gib = π(R
2
jo,gib − r2jo,gib) ≈ 114mm2 (7.8.5)
For the grabber and the gibbet a pack of 4 joints is included in a length of 437.5mm. This
results in the Volumes for a 14m gibbet and a 21m grabber arm
Vgib = 51.2 · 10−3m3
Varm = 76.9 · 10−3m3
(7.8.6)
The pure metal volume of the girder construction is
Vgir = Vm + Vgib + Varm ≈ 1.1m3 (7.8.7)
Taking into account that the costs of a girder construction is 78% material costs and 22%
production costs [44] and furthermore the price of steel is currently up to €st = 760
€
t
(in
march 2012 [64]) we estimate a gircer construction price of
€gir =
100
78
(Vgirρst€st)
≈ 8500€
(7.8.8)
2. Special metal parts
The system needs special parts to assemble the 3 main girder constructions and ensure a
good operation. This includes
• a part at the tip of the gibbet, similar to the mast top of the prototype
• a connection element between the mast and the gibbet
• a connection element between the mast and the grabber arm
• the grabber itself
• a rail on the grabber arm
• a connection between the foundation and the mast which ensures rotatability and
leads the moments into the foundation
• the metal rips for the storage space
As the design of these parts is not done in detail, yet, a price of 56000€ for all seven parts
together is assumed. The prototype’s mast top cost around 1000€. Scaling up this part to
a 100m2 system and scaling the price proportional to the volume by f3 (see 8.3.1) it would
cost 8000€. 56000€ is equal to 8000€ per listed item.
3. The bearings
The system needs at least 2 bearing with an inner diameter of more than 1.42m. As the
system is very similar to a crane this thesis assumes the same price for these bearings as
the price for crane ball bearings. This price is referring to [17] up to 30000$.
4. Engines and Actuators There are 6 engines and actuator included in the system. The
price strongly depends on the engine’s power and thus on the speed with which the parts
shall move. There are three main engines (rotation of the mast, moving of the arm, opening
the storage space) and 3 smaller actuators (2 actuators to reel in and out the coupling lines
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and one to open and close the grabber). The engine of a forklift costs around 2k€ [65]
which is comparable to the engines we need. The actuators are assumed to one tenth of
the engine price.
€eng = 3 · 2000€ + 3 · 200€ = 6600€ (7.8.9)
5. Concrete
In the worst case the whole foundation has to be filled with concrete. Referring to [73]
concrete for foundation with influence of rain and frost costs 153.50€m−3. Hence the price
for a full concrete foundation is
€con = πr
2
fhf €con
= 54000€
(7.8.10)
6. Storage space skin
The skin of the storage tent shall be a similar material as the covers of truck canvas.
Referring to [35] the costs of this kind of material is approximately 8.5€m−2. Thus the
total costs of the canvas is
€cnv =

7m · 16m · 2︸ ︷︷ ︸
flat back side
+ π · 16m · 7m︸ ︷︷ ︸
round front side
+ π · 162m2︸ ︷︷ ︸
Top and bottom side

 · 8.5 €
m2
≈ 12000€
(7.8.11)
7. Ground Metal Cross
If the system just gets anchored the ground metal cross will have 4 branches. Each branch
will have the same construction as the mast. The length has to be at least 12.8m. Assuming
that the mast is a multiple of the 4 joint element which is 0.375m long we get the following
price for the cross
Vcro = 4
(
1˙3125mm · 15.3 · 103mm2 + 13.125m
0.375m
· 4 · 1068mm · 1.9 · 103mm2
)
= 1.940m3
€cro =
100
78
· (Vcross · ρst · €st)
≈ 15000€
(7.8.12)
8. Anchor
One anchor of the prototype costs approximately 50€[14]. Assuming that the price grows
with the volume by f3 (see 8.3.1) an anchor of the final system will cost
€an = €anchor,prototype · f3
= 12200€
(7.8.13)
Obviously the metal cross and 4 anchors (=63800€) is more expensive than the ordinary
concrete foundation (=54000€). However, the metal cross is much more lightweight than the
concrete foundation.
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7.8.1 Overview
Concrete solution
1. Girder Construction
8500€
2. Other Metal Parts
56000€
3. 2 Ball-Bearing (each 30000$, currency rate ≈ 1.29 $
€
[16])
23300€
4. Engines and Actuators
6600€
5. Concrete
54000€
6. Canvas
12000€
Sum: 160400€
7. Additional 10% buffer for unexpected expenses
16040€
Sum: 176440€
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Concrete solution
1. Girder Construction
8500€
2. Other Metal Parts
56000€
3. 2 Ball-Bearing (each 30000$, currency rate ≈ 1.29 $
€
[16])
23300€
4. Engines and Actuators
6600€
5. Metal Cross
15000€
6. 4 Anchors, each 12200€
48800€
7. Canvas
12000€
Sum: 170200€
8. Additional 10% buffer for unexpected expenses
17020€
Sum: 187220€
"Nothing ever comes to one, that is worth having, except as a
result of hard work."
Booker T. Washington
8
Results
On the knowledge which we gained with the prototype a final version of a launch and retrieval
system has been designed in the last chapter. The following chapter now analyses the quality
and safety issues of the final design.
8.1 Requirement Performance
During the design process many compromises have been done. Now as there is the final design
it is necessary to counter check how good it fulfills the requirements. Table 8.1 lists again the
requirements. The result of each requirement is mentioned. The check mark and cross symbol
symbolize whether the requirement is fulfilled or not.
8.2 Safety
8.2.1 General Safety
The launch and retrieval system is designed for a 100m2, 5000kgf kite. During the calculations
a safety factor of s = 2.5 has been used which is, compared to other lightweight constructions,
relatively high. The wind load on the girder construction, but not on the storage construction,
has been neglected. On the other side, however, increasing of the stiffness due to the girder joints
has been neglected, too. The maximum loads both calculated for the kite and for the situation
of a 50 year one second wind gust. Summarizing it is possible to say that the system is as safe
as calculative possible.
8.2.2 Influence of Temperature Changes
The system has been designed for energy production all over the world. This includes extreme
low and extreme high temperatures (≈ −100◦C < T < 100◦C). After the World Trade Center
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Table 8.1: The requirement performance of the final design
Lifetime of at least 20 years
The system survives 20 years with the condition that there are less than 35 load
variations per day. However, an impact of trees or similar still can damage the
system hazardously.
✧
Achieve a distance where the pod can stable control the kite
The kite hoists itself by the pod. The pod never loses controllability.
✧
Comfortable maintenance of the kite while standing on the ground
By reeling out the main tether the kite can be lowered until it lies on the
ground.
✧
Launch with a wind speed between 3 and 15 ms−1
The kite launches by its own aerodynamic forces. Yet, it is not known how to
calculate these forces. However, tests demonstrated launches with 4ms−1. The
more wind blows the easier is the start.
✪
Retrieve with a wind speed between 0 and 20 ms−1
The kite only retrieves by the winch which can handle the maximum kite force.
Is the kite force getting too high the weak link will break.
✧
Safe control and protection during idle time
The kite is stored safely in the storage and hold by the grabber. The mast can
withstand wind gusts up to 52ms−1 by turning the semi cylinder into the wind
so that the round part is upwind.
✧
The kite has to handle a LEI Kite up to 100m2
The system is designed for kites up to 100m2. They can handle kites smaller
than 100m2 without problems. Bigger kites might damage the system as the
forces become too high.
✧
The launch and retrieval should be automated
During testing it has been demonstrated that the kite can launch and retrieve
by remote control. Hence a computer based launch and landing is possible,
too.
✧
Automated relaunch preparation
During idle time the kite is already in the correct position and altitude. How-
ever, the leading edge shall be inflated by a pump in the tube of the kite. The
station does not provide and inflation system, yet.
✪
Launch in each wind direction
Full rotatability is given by ball bearings at the bottom of the mast. The main
tether is lead along the axis of these ball bearings.
✧
The lines must not get entangled
By the use of a crane the lines cannot get entangled with the construction
during launch and retrieval. However, an overshoot of the kite during retrieval
needs to be avoided .
✧
Free movement of the kite and the tether
During power production the tether is only connected to the system by slack
hanging lines.
✧
No communication disturbance between the pod and the ground
station
As the system is 100% mechanic an interference with the pod communication
is impossible.
✧
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Disaster the U.S. Institute of Standards and Technology determined a connection between the
Young’s modulus of structural steel and the temperature for 0◦ < T < 600◦C. Referring to [27]
it is
E(T ) = e0 + e1T + e2T
2 + e3T
3 (8.2.1)
where
• e0 = 206.9GPa
• e1 = −0.04326GP a◦C
• e2 = −3.502 · 10−5 GP a(◦C)2
• e3 = −6.592 · 10−8 GP a(◦C)3
If we adept this to our case we get
E(−100◦C) = 210041.7 N
mm2
E(100◦C) = 201257.9
N
mm2
(8.2.2)
The result is a variation of Young’s modulus of
E = 210000
N
mm2
+0.2%
−4.2%
(8.2.3)
which leads to a minimum safety factor of
I = smin
4Fl2
π2E(1 + δE)
smin =
π2E(1 + δE)Imin,gib
4Fmax,gibl2gib
= 2.395
(8.2.4)
Unfortunately there is no source which describes the connection between Rp0.2 and the tem-
perature. However, a variation in the same proportions (≈ 5%) can be assumed both for Rp0.2
and the safety factor.
8.2.3 Durability
Fatigue
The system shall have a lifetime of 20 years. This means a lifetime of 7305 days including leap
years. The Coffin-Manson-Basquin-Relation as described in [77] shows the Wöhler curve with
critical elongation as a function of alternations of load. It is
ǫa =
σ′f
E
(2N)
b
+ ǫ′f (2n)
c
(8.2.5)
with
• Elongation amplitude ǫa
• Young’s modulus E, E(X5CrNi18− 10) = 210000 N
mm2
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• Fatigue strength coefficient σ′f , σ
′
f (X5CrNi18− 10) = 1291 Nmm2
• Fatigue strength exponent b, b(X5CrNi18− 10) = −0.1308
• Ductility coefficient ǫ′f ,ǫ
′
f (X5CrNi18− 10) = 0.0782
• Ductility exponent c, c(X5CrNi18− 10) = −0.3310
Including the fact, that the stress is the strain multiplied by the Young’s modulus
σ = ǫE (8.2.6)
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Figure 8.1: The stress-fatigue curve as described by the Coffin-Manson-Basquin-Relation
we get the Wöhler curve as stress over the number of altering loads. Figure 8.1 shows that
the critical load alternation for σ=360N(mm)−1is at N≈ 6.52 · 105 altering loads. Including the
safety factor this means
Nmax
Day
=
Nmax
s · 7305Days = 35.7 (8.2.7)
Summarizing it means that the system can withstand 35 alternations per day with an amplitude
of the highest load case.
Corrosion
The system is designed with the stainless steel X5CrNi18-10. This steel is very reliable against
corrosion both to chemical reactions and to material abrasive. Even thought the material is
resistant to everything a material defect can not be excluded so that material inspection during
maintenance is obligatory.
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8.3 Scalability and Price
[44] mentions that about 78% of a crane construction’s price are material costs. Hence it is
self-evident that the size of the construction influences mainly the price. However, specially in
high populated regions, ground is another high price factor as the restricted are for a kite system
needs much space. The price and it’s development as a function of different factors shall be
investigated in the following chapters.
8.3.1 Station Size
[43] describes how to scale a kite by the scaling factor f The result is
• l2 = l1f for lengths, i.e. the LEI radius
• S2 = S1f
2 for Areas, i.e. the canopy surface
• F2 = F1f
2 for Forces, respective to F = 12ρv
2
appcA
This scaling bases on two mathematical similar kites which means that the relation of lengths
stays the same however the size changes.
I assume the same for the scaling of the launch system with the scaling factor ssys. The
result for the mast, gibbet and grabber trusses is
• li,2 = li,1ssys,s, the length of the truss with ssys,l = f as lsys,m = Pod,Kite
• Ai,2 = Ai,1s
2
sys,A for the the cross section area of the four tubes and ssys,A = f because
A ∼ F
• Di,2 = Di,1ssys,D for the outer radius of a main tube, the inner radius r is in our case
D
10 .
Hereby ssys,D = f because D
2 ∼ A
• wi,2 = wi,1ssys,w as the distance between two tubes on one side
where i = mast, grabber, gibbet
For the scaling of the moment of inertia we have
Ii,2 =
4F2l
2
i,2
π2E
=
4F1f
2l2f2
π2E
= Ii,1f
4
(8.3.1)
Ii,2 = 4
(
π
4
(R4i,2 − r4i,2) +
w2i,2
4
π(R2i,2 − r2i,2)
)
= Ai,2
(
(R2i,2 + r
2
i,2) + w
2
i,2
)
Ii,1f
4 = Ai,1f
2
(
(1.1Ri,1f)
2 + (wi,1ssys,w)
2
)
(8.3.2)
The comparison of coefficients shows
ssys,w = f (8.3.3)
It is shown, that all dimensions of the system have to grow with the kite scaling factor f for
distances and f2 for areas. Hence the Volume respectively grows with f3. As the material price
is a function of the mass or the volume the price will grow with f3, too.
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However, this is just the price of the raw material (78% concerning to [44]). The 22% of
the costs that do not grow with the volume are production costs, costs for engines and costs
for the area. Costs for the restricted area grow with the the square of the length of the gibbet.
The production costs might slightly decrease for the size of an order while the engine costs and
bearing costs might slightly increase. If we assume
€P rd,eng,bea ∼ f (8.3.4)
we get
€sys,2 = €mat,2 + €A,2 + €prd,eng,bea,2
= €mat,1f
3 + €A,1f
2 + €P rd,eng,bea,1f
(8.3.5)
Obviously the price is mainly influenced by the used material. Hereby both metal and concrete
is equal important. To reduce the price the volume of the materials has to be reduces
8.3.2 Kite Parks
One Launch and Retrieval System per Kite System
The kite park shall be a big area with many kite energy generators and their launch systems.
The distance between two launch and retrieval systems is a function of the minimal elevation
angle ηmin and the height of a launch and retrieval system (≈ lm) as seen in figure 8.2.
K ld mast
Figure 8.2: Scheme on multiple kite stations, side view
d =
lm
tanα
(8.3.6)
This leads to a restricted area per system of
Arst = πd
2 (8.3.7)
As the kites of two systems fly roughly in the same direction the restricted areas of two or more
systems can overlap each other. As seen in figure 8.3 the restricted area per system can minimize
• for 2 systems: 46πd
2 +
√
5
4 d
2
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• for 3 systems: 36πd
2 + d2
• ...
• for 7 and more system:
√
3
2 d
2 which is a hexagon with the distance to one side of d2
vwind
Figure 8.3: The restricted are per System for 2 and 3 Systems
The costs of the restricted area per systems hence can be reduces by nearly
1−
√
3
2 d
2
πd2
= 0.275 ≡ 27.5% (8.3.8)
One Launch and Retrieval System for Multiple Kite Systems
As presented in section 4.4 UAVs or other constructions are possible to launch more than just
one kite per launch and retrieval system. These solutions are much too expensive and complex
for one single kite, however they are very interesting for kite parks. The main disadvantages of
these systems are
1. they are expensive
2. they are complex and thus need a high amount of maintenance
3. the system tracks (rails for winches or flight paths of UAVs) have to be under control.
In the following part the index "crane" represents a launch and retrieval system for a single
kite system and "UAV" represents systems for multiple kite systems. The lifetime costs of the
systems are
€cr = €dev,cr + €acq,cr + €set,cr + €mnt,cr + €SP,cr + €dsp,cr (8.3.9)
€UAV = €dev,UAV + €acq,UAV + €set,UAV + €mnt,UAV + €SP,UAV + €dsp,UAV (8.3.10)
With a kite park of n kite systems a launch and landing system for multiple kite systems is worth
if
€UAV < n€cr (8.3.11)
As the price of single launch and retrieval system increases by f3 while the price of modern
technology decreases year by year it seems as the future kite parks might be operated with one
launch and retrieval system for multiple kite systems.
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8.4 Sustainability
The sustainability of the launch and retrieval system shall be compared to other wind energy
generators with the help of the so called CO2 life cycle assessment on the basis of [25]. The
assessment compares the amount of CO2 emission of a generator with the Energy it produces.
These CO2 emissions include emissions for the whole lifetime such as
• producing the material
• Transportation and logistics
• maintenance
• for the energy production itself1
• disposal
The compared object will be the Enercon E 126 as it is one of the most modern and efficient
wind energy generator worldwide. Data about the E 126
Table 8.3: Data of the Enercon E 126
Effective power output 6-7.5MW
Mast diameter at ground lever 16.5m
Mast height 135m
Annual energy production 17 · 107 to 20 · 107 kW h
year
2
masses
fundament (concrete) ≈ 3500t
Mast (mainly steel) ≈ 2800t
Generator+Nacelle (Alu) ≈ 350t
Fact about the rotor and/or blades are not mentioned as only mast, ground station and
fundament shall be compared.
CO2 due to Material Production
The production of the different material and the transportation of its raw material needs energy.
This amount of energy can be measured in kWh or CO2 emissions. Referring to [31], [51], [79],
[63] and [32] the specific CO2 emissions of concrete, steel and aluminum are in a range as listed
in table 8.4. The high variation of CO2 emissions for metals is due to the difference between
Table 8.4: Range of specific CO2 emission in kgCO2(t)−1
Min Max
Concrete 100 575
Steel 500 2200
Aluminum 9677 11000
recycling and new production.
1The wind energy does not produce CO2 emissions during energy production. However this point is mentioned
for the sake of completeness
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CO2 due to Transportation
[23] did an extensive report about transportation of goods by truck, train or inland waterway
ship. It uses the in table 8.5 listed data for trucks and trains.
Table 8.5: Range of specific CO2 emission for heavy load transportation by truck and train in gCO2(tkm)−1
Min Max
Truck 48 171
Train 23 25
CO2 due to Maintenance
For maintenance at least one person has to reach the system and check the system for a specific
time. This work assumes that the maintenance process does not produce any CO2 emissions
so that the transportation to the launch and retrieval system is the main factor. This leads,
referring to [18], to a range between 32g CO2 (bus) and 369g CO2 (airplane) per person and
kilometer. More precise data is listed in table 8.6
Table 8.6: Average CO2 emissions of different ways of person transportation in gCO2(person×km)−1
Coach 32
Train, long distance 52
Metro/ Tram 72
Urban Bus 75
Train, short distance 95
Car 144
Airplane 369
CO2 due to Disposal
After 20 years of lifetime the system has to be disposed. Hereby the main factor is the trans-
portation with the same data as already mentioned before. The CO2 emission of the recycling
process shall not be taken into account as it represents already the life cycle of a new product.
8.4.1 Case Study
It is obvious that the main factor of the CO2 footprint is the transportation and thus the distance
between the production place and the system position. The following case study compares the
CO2 Emissions of the fictive kite system and the Enercon E 126. To calculate the produced
energy the program developed by B. Franca in [57] and the Weibull distribution from Schiphol
are used.
The Weibull distribution is described by
h(v) =
k
A
( v
A
)k−1
e−(
v
A )
k
(8.4.1)
Schiphol (near Amsterdam, The Netherlands) has the characteristic Weibull distribution with
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• k = 1.83
• A = 5.6
(see [76]). The distribution is shown in figure 8.4. It has its highest probability at a wind speed
of 3.6 ms−1 on 10m altitude.
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Figure 8.4: The Weibull distribution in Schiphol
The calculation of the power production is therefore done with assumptions, that are opti-
mized by the program on a wind speed of 3.6 ms−1.
Table 8.7: Assumptions for the power production of a 100m2 kite system
Projected area of the kite 80m2
Main tether diameter 6mm
CR 0.2− 0.8
L
D
5.5
Operation height 150m− 2000m
Max. reel-out/ -in speed 10m
s
With the assumed data (listed in table 8.7 ) we get the optimized power curve P (v) as shown
in figure 8.5
To calculate the average energy production of this system per year we do
365days · 24hours
∫
h(v)P (v) (8.4.2)
The limits of this integration hereby are 3ms−1 as this is the kite’s launching wind speed and
20ms−1 for the highest retrieval wind velocity. The result is an average wind energy production
of 98.285 · 103kWh per year for the 100m2 kite.
Further assumptions for this case study are:
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Figure 8.5: P(v) in Schiphol with a 25m2 and a 100m2 kite, optimized on 3.6ms−1 wind speed
• the mass of the kite launch and retrieval system for the 100m2 kite shall be 710t including
foundation, crane, storage box, engines and equipment. The foundation out of concrete
with an radius of 11.75m and the height of 0.8m weights 693t, the rest shall be seen as
steel.
• the mass of an anchored kite launch and retrieval system for the 100m2 kite shall be 41t.
Hereby the concrete foundation is replaced by the metal cross construction (≈16t) and 4
anchors with each 2t.
• there has to be maintenance each year
• Two persons are necessary for the process of maintenance
Result
The results as detailed listed numbers can be found in appendix D. The sum of produced CO2
emissions as a function of the transportation distance will now be divided by the produced energy
over 20 years. For the distance between 0 and 100 kilometers we get the result shown in figure
8.6 which represents the tables D.1, D.2 and D.3. The blue area represents the CO2 emissions of
a kite systems with a full concrete foundation while the green area shows the same system with
an upscaled anchor construction. The red area represents the emissions per kWh of the E 126
wind generator.
It is now visible that the footprint of a kite system is strongly dependent of the previous
material production and transportation footprints. As the power production of a system is not
very high, yet, its footprint increases fast with its transportation distance.
However, the kite system’s optimistic footprint is about four times higher than the one of
the E 126. This result is not too bad if we take into account that the first draft of a kite energy
system is compared to 50 years of experience in wind energy technology.
To sum up there are three main issues in case of sustainability
107 8.4. Sustainability
0 10 20 30 40 50 60 70 80 90 100
0
5
10
15
20
25
30
35
40
45
50
km
g
C
O
2
k
W
h
Figure 8.6: The CO2 footprint as a function of the distance
1. The CO2 footprint of a kite system is about four times higher than the one of the E 126.
The biggest criteria hereby is the amount of produced power over 20 years. The CO2
emissions are directly inverse to the power production.
2. By the use of an ordinary foundation the amount of concrete and it’s CO2 emission are
approximately 90% of the whole CO2 emission of the whole system. Reducing the amount
of concrete by x% lowers the CO2 emission at the moment by 0.9x%
9
Conclusion and Recommendation
9.1 Conclusion
The goal of this thesis is deescribed int chapter one. It is to design a launch and retrieval system
for a high altitude pumping wind power generator. This system should be able to launch and
land a kite without human help so that the whole kite system is able to become commercial.
The thesis bases on data and experiences on kites up to 25m2 flat area with different shapes.
However, the launch and retrieval system is designed for a kite up to 100m2 flat area which
makes some assumptions (i.e. CL, tether diameter, etc...) unavoidable.
To get an overview on the start of the art of launch and retrieval systems for airborne wind
energy this thesis does a literature study in chapter two. In this literature study the most
important AWE systems and their launch and retrieval systems are highlighted. Hereby the
study tries to carve out the advantages and disadvantages of all systems. The literature study
shall give an impression what is possible and what is not, specially for the launch of LEI kites.
The third chapter handles about the brain storming phase. It describes methods how to find as
many possible solutions for a launch and retrieval system as possible. During this brainstorming
phase the whole group of the kite power team has been involved, both to find solutions for a
system and to create a specification sheet. The results of different solutions for a system are
gathered in a morphological chart to push the creativity to a maximum. The different ideas are
categorized in 3 groups:
1. Heavy systems
2. Lightweight systems
3. Supporting systems
Group one and two directly hoist the kite on a certain altitude while group three only changes
the boundary conditions so that the kite can hoist itself. To find the very best solution out of
all possible choices an AHP has been done both with the specification sheet and with the three
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groups. The result of the AHP is that lightweight systems are the best solution. Supporting
systems are still very good solutions while heavy systems do not really fit to the specifications.
Chapter four takes a closer look on lightweight systems. The focus is on balloons, systems
based on the magnus effect and an inflatable beam. These systems are checked for their ad-
vantages and disadvantages. Balloons have the advantage that they rise on their own but the
disadvantage that they are expensive to fill and they need to be filled several times per year.
The system which is based on the magnus effect might be designed so that it does not need to
be filled that often, however, its lift to drag ratio cannot be high enough. Furthermore UAVs,
specially VTOL-UAVs, are included to this chapter and compared to the other lightweight sys-
tems. Unfortunately all flying systems fail in strong wind as they become unsteerable or their
drag pushes them to the ground. The inflatable beam solved the problem of the wind. As a
mixture of lightweight and supporting system the inflatable beam can handle all specification.
The problem is the high need of inner pressure to avoid buckling during strong wind load and
thus a high mass of the whole system to handle this high pressure. A metal girder mast, a so-
lution which was counted to the supporting systems and not to the lightweight systems, showed
to be more lightweight than the inflatable mast at same conditions and thus has been chosen as
a prototype for the systems.
The calculation and design of the prototype is described in chapter five. At the beginning
the design criteria and a rough layout are introduced. To find the best solutions in the matter
of material and dimensions of both suspension lines and mast the forces in all suspension lines
and in the mast have been calculated as a function of the kite’s position. Hereby the force
in the tether has been assumed as 7000N which is the highest possible tether force allowed by
the current weak link (6000N) plus 1000N as safety for uncertainties in the weak link. The
calculations show that the suspension line has to handle up to approximately 15kN. Combining
the maximum forces and the young’s modulus of ropes (which is found by the fictive modulus by
Ernst) the materials for mast and ropes have been found. The mast is an aluminum truss and
the suspensions shall be steel cables. To use as many norm parts as possible the Prolyte X30D
truss has been chosen.
To prove the theoretical functionality of the system chapter six examines the kite model.
The point of mass model hereby gets combined with the small earth analogy. Including the
simplification that the winch does not reel in or out it is shown that the functionality depends
on the aerodynamic front and side force. Furthermore an optimal launch path is defined by the
ratio of the two aerodynamic forces. However, by comparing the field tests with the model it
is obvious that a point of mass model is not sufficient to model the launch because the kite is
strongly influenced by its inertia.
The final design is developed and introduces in chapter seven. It is explained what disadvan-
tages of the prototype has to be eliminated by a change in the design. Furthermore it shows how
to implement skills for the system, i.e. rotatability, which are not included in the prototype, yet.
Hereby the main focus is on introducing ideas how to solve the main problems of a launch and
retrieval system. Only the girder construction and the foundation is calculated as a function of
the kite’s force and its position. Dimensions for bearings and other sub-parts can easily be found
with these calculations. As mentioned in the specifications this chapter includes furthermore
how to fix and protect the kite during its idle time.
The last chapter examines the design in the matter of safety, scalability and sustainability.
It is shown that the system can theoretically handle a lifetime of more than 20 years as long as
there are less than 35 launches on high load each day. Furthermore it shows that temperature
has no important influence on the system even though it is metal. The scalability of the system
is researched in the matter of both the behavior of the system due to a bigger kite and to a kite
park. The main issue hereby are besides other the costs. Last but not least a CO2 footprint
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for the system has been created and compared to the Enercon E 126 wind generator, one of the
most modern wind generators at the moment.
9.2 Recommendation
This thesis was the first design of a possible fully automated launch and retrieval system of a
high altitude pumping wind generator for future application. Hence it shows up many different
issues to improve single parts and results. Hereby costs and/or emissions can be measurable
points. Both emissions and price will in- or decrease with size of the system. However high
power output lowers the specific emissions per kWh. To realize these issues a good and suitable
kite design is obligatory.
Following recommendations arise:
• Saving emissions and costs
– A smart concept for the foundation or anchoring of the system can be developed. By
decreasing the amount of concrete to 100t or less the specific emissions are already in
the same range like modern wind generators nowadays. One possibility hereby is to
use rocks etc. in the foundation.
– To save material and space the possibility of a launching system for a launching kite
might be interesting. This allows a small and cheap launch system for a theoretical
infinite power output.
– For kite parks a multi kite launch and retrieval systems is very interesting. However,
it has to be researched whether there are really more advantages than disadvantages
specially in the topic of sustainability and safety.
• Kite design
– The distance between the steering unit and the kite during launch directly influences
the height of the system. This distance has to be minimized. If the distance is not
minimizable anymore it might be a possibility to reel in the bridle system into the
steering unit during launch.
– The kite will launch itself with its aerodynamic forces. The higher its force coefficients
are the easier it is to launch the kite.
– For the launch the kite is on short tether and thus not very stable. Hence a high
agility of the kite is advantageous. Therefor the steering unit should steer as fast as
possible and the kite’s mass moment of inertia around the zk-axis should be as small
as possible.
– The necessarity of a kite protection has to be researched. As the lifetime of a kite
is very short an expensive protection might be worse than just a few more changes
of the kite. Furthermore future kite materials might withstand the weather on their
own. The reduction of the protection unit might safe much costs.
• Launch controller development
– A system identification, specially for the aerodynamic forces, helps to develop a launch
controller. By predicting forces an optimal launching path can be designed in advance.
– To get a better and more reliable model of the kite launch it need to be design with a
more complex model which also includes torque and inertia of the kite and furthermore
a variable tether length.
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A
AHP Calculation
The Analytic Hierarchy Process, developed by T. L. Saaty, is a process to simplify the way of
finding making a decision both individually and as a group. The whole process is called hierarchic
as the criteria will be ranked step by step. A big advantage of the AHP concerning to this thesis
is the possibility to put numbers and mathematical calculation to a decision which usually is
done non-mathematically. The first step of the AHP is to gather all possible criteria which has
been done in the specification sheets. After that a ranking of criteria has to be created. This
is done by comparing each specification which each other. The more important specification in
a direct comparison will get two credits, while the other one gets zero. In the case of similar
importance each criteria can get one credit. The chart in figure A.1 shows the comparison of the
specifications. You can read it row by row. Similar the one for the quality guidelines in A.2
La
u
n
ch
re
tr
ie
v
a
l
e
a
ch
 w
in
d
 s
p
e
e
d
se
cu
re
 c
o
n
tr
o
ll
e
d
 k
it
e
k
it
e
 s
iz
e
e
v
e
ry
th
in
g
 a
u
to
m
a
te
d
Ňe
xi
b
le
 l
a
u
n
ch
 d
ir
e
cƟ
o
n
n
o
 e
n
ta
n
g
le
m
e
n
t
a
u
to
. 
La
u
n
ch
 p
re
p
.
d
e
co
u
p
li
n
g
 f
ro
m
 t
e
th
e
r
n
o
 d
is
tu
rb
a
n
ce
 t
o
 p
o
d
Launch 1 2 2 2 2 2 1 2 2 2
retrieval 1 2 2 2 2 2 1 2 2 2
each wind speed 0 0 2 2 2 2 1 2 2 1
secure controlled kite 0 0 0 2 2 0 0 0 2 0
kite size 0 0 0 0 0 1 0 0 2 0
everything automated 0 0 0 0 2 1 0 1 1 0
Ňexible launch direcƟon 0 0 0 2 1 1 0 1 2 0
no entanglement 1 1 1 2 2 2 2 2 0 1
auto. Launch prep. 0 0 0 2 2 1 1 0 2 1
decoupling from tether 0 0 0 0 0 1 0 2 0 0
no disturbance to pod 0 0 1 2 2 2 2 1 1 2
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Figure A.2: Comparison of each quality guidelines
If there are n criteria, k = (n−1)n2
1 comparisons have to be done and 2
(
(n−1)n
2
)
credits are
distributed.
After this process each criteria has its rank specified by the sum of its credits Σcritn which
is equivalent to the sum of each row in A.1 and A.2.
The weighting of of the criteria shows the importance of each criteria relative to the others.
It is calculated by
W (critn) =
Σcritn
2
(
(n−1)n
2
) (1.0.1)
This weighting is important for later processing. It avoids that solutions, which fulfill many
but only low ranked criteria, are recognized as more important than other that fulfill few but
high ranked criteria.
After the weighting has been done all options have to be checked, whether they fulfill a single
criteria or not. For multiple options another AHP can be done so that the options are ranked in
each criteria. This value shall be represented by W (optcrit)
At the end each option gets a result on a scale between 0% and 100%. 100% means that all
criteria is perfectly fulfilled.
R (opt) = Σn1 (W (optcrit)W (critn)) (1.0.2)
1=Gauss’ Formula of the Sum from 1 to n-1
B
Inflatable Beam Mass Calculation
An inflatable beam can be calculated with the equations presented in section 4.5. Hereby the
assumptions are:
• L = 12m because the Pod has to be lifted at least 10m. The prototype is 12m high.
• σcab = 15 · 108 nm2 and ρcab = 7800 kgm3 as in [70]
• ρmem = 0.8
kg
m2
as in [70]
• γ = 10 as in [70]
• Roughness length z0 = 10
−4m
• Maximum wind velocity of 20 m
s
at 10m height
• ρair = 1.2014
kg
m3
concerning to standard atmosphere
• A drag coefficient of a round pillar CD = 0.47
• The maximal kite force of Fk,max = 49052N
The equations are
γ =
L
2R
⇒ R = 0.6 (2.0.1)
Mw =
∫ L
x=0
qw,maxdx =
∫ L
x=0
1
2
ρairvmax(x)
2dx2RCDx
=
∫ L
x=0
1
2
ρair
[( x
10m
) 1
ln x
z0 20
m
s
(
1 +
3
ln x
z0
)]2
dx2RCDx
≈ 28633Nm
(2.0.2)
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Mk = Fkl = 588624Nm (2.0.3)
As the inner pressure of the tube at a specific time is a constant value we have
Mqp =
∫ 2R
0
∫ 2R
0
qp(dx)
2 = 4R2qp (2.0.4)
Concerning to [70] qp =
4pR
pi2
Mqp = 1.44 ∗
2.4p
π2
Nm (2.0.5)
FCab,max = qpR
γ2
4
= pR2
γ2
π2
(2.0.6)
pR2
γ2
π2
=
(
Mw +Mk −Mqp
) γ
l
P = 133463
N
m2
(2.0.7)
FCab,max = pR
2 γ
2
π2
= 487305N
(2.0.8)
After the calculation of the forces and moments we can calculate the mass of the beam with
all in all 3 cables to hold the beam in each wind direction.
mmem = 2πRlρMembrane = 36.2kg (2.0.9)
mcab = FCab,max =
ρcab
σcab
l = 30.4kg (2.0.10)
It results in mass of the whole beam of
mbeam = 3mcab +mmem = 127.4kg (2.0.11)
Note: The later prototype, including all accessories, weights ≈ 60kg
C
Wire Rope Clips (acc. to EN 13411-5-1)
This summary is quoted from [75]
C.1 General Remarks
Wire rope clips acc. to EN 13411-5-1 are intended for the use on suspending static loads and
single use lifting operations which have been assessed by a competent person taking into account
appropriate safety factors.
This standard does not cover U-Bolt wire rope grips as the primary securing devices on:
• mine ropes
• crane ropes
• eye terminations for slings for general lifting service except for lashing eyes which are made
for one special application
These clips are not suitable for use with spiral ropes.
C.2 Assembly and Testing
When using a thimble in the eye assembly, the first rope grip should be placed immediately
against the thimble. The distance of the additional wire rope clips should be between 1,5 and 3
t (t = clamp width, see figure C.1(b)). The bridge should always be placed on the load bearing
part of the rope. Number of clips and the necessary torque are given in table C.1(a). The torque
should be checked during the assembly, before the first use as well as 1 and 3 hours after the
first use. One should carry out testing at the intervals listed below:
• 1 day after the first use
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(a) Guide numbers for wire rope clips[75] (b) Draft of a thimble in the eye assembly [75]
Figure C.1
• 1 week after the first use
• 1 month after the first use
• 6 months after the first use
• afterwards every 6 months
The given data is intended as a guide only. The frequency of checking should be adjusted
according to the circumstances of use as well as to the type of wire rope in use.
The above torque values given are for greased threads and nut bases. Please consider the
additional regulations for your special purpose. For example DIN 18800-1 "Steel constructions,
dimensioning and construction" asks for an enlargement of the quantity of wire rope clips by 1
piece.
D
CO2 Emissions
This appendix shows the details how much emission is produces by each component.
Table D.1: The CO2 footprint of the Kite System with foundation
Min Max
(CO2)Concrete 69.3 · 106g CO2 398.475 · 106g CO2
(CO2)Steel 8.5 · 106g CO2 37.4 · 106g CO2
(CO2)Aluminum 0.00g CO2 0.00g CO2
(CO2)T ransp. 16.33 · 103 g CO2km 121.41 · 103 g CO2km
(CO2)Maint. 1.28 · 103 g CO2km 14.76 · 103 g CO2km
(CO2)Disposal 16.33 · 103 g CO2km 121.41 · 103 g CO2km
Σ[g CO2] =
(
77.8 · 106
+33.94 · 103km
) (
435.875 · 106
+257.58 · 103km
)
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Table D.2: The CO2 footprint of the Kite System with metal cross and anchors
E 126 Min E 126 Max
(CO2)Concrete 0.00 · 106g CO2 0.00 · 106g CO2
(CO2)Steel 20.5 · 106g CO2 90.2 · 106g CO2
(CO2)Aluminum 0.00 · 106g CO2 0.00 · 106g CO2
(CO2)T ransp. 0.95 · 103 g CO2km 7.02 · 103 g CO2km
(CO2)Maint. 1.28 · 103 g CO2km 14.76 · 103 g CO2km
(CO2)Disposal 0.95 · 103 g CO2km 7.02 · 103 g CO2km
Σ[g CO2] =
(
20.5 · 106
+3.18 · 103km
) (
90.2 · 106
+28.8 · 103km
)
Table D.3: The CO2 footprint of the E126
E 126 Min E 126 Max
(CO2)Concrete 350 · 10
6g CO2 2012.5 · 10
6g CO2
(CO2)Steel 1400 · 10
6g CO2 6160 · 10
6g CO2
(CO2)Aluminum 3386.95 · 10
6g CO2 3850 · 10
6g CO2
(CO2)T ransp. 152.95 · 10
3 g CO2
km
1137.15 · 103 g CO2
km
(CO2)Maint. 1.28 · 10
3 g CO2
km
14.76 · 103 g CO2
km
(CO2)Disposal 152.95 · 10
3 g CO2
km
1137.15 · 103 g CO2
km
Σ[g CO2] =
(
5136.95 · 106
+307.18 · 103km
) (
12022.5 · 106
+2289.06 · 103km
)
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